JUN 21 2005 16=29 FR 



TO 287898 157 1273085 P. 02/56 



AdOO 378VWAV m 



CERTIFICATION OF FACSIMILE TRANSMISSION 

itcntondTfademailc 



Ib^by^tifyt^fciW'^^^ 
Office the date forth below. (J-O* 0*f . &**K-~*4 

Data Of Si^tine And Tiaosnumimi [ U /T^ d Bate* Keg. No. 33.4W 




IN THE DMTKU STATES PATENT AW iHkADEMARK OFFICII 



Applicant*: Diona Downs, el al 

Serial No.: 09/955,502 



7£ ffiSS FORTOEVBNT1NG SUPEROXIDE DAMAGE TO CELLS 

AND OXYGEN- LABILE PROTEINS 

Group Art Unit: 1M5 

Exainiacr: Patricia Ann Duffy 

Docket No.: 96029fi*97559 



COVER PAGE 



Commissioner for Patents 

P.O. Box 1450 

Alexamlria, VA 22313-1450 

DearSir: 

In the matter of the above-identified file, Applicant is foxing the enclosed right references 
to Examiner Duffy. These references are Diana M. Downs (Oirr TswiqB Mfl l. ^ol 5:17-25, 
2003); George M. Wrinatock, et al. <R^Mk*rAifll 151:131 158, 2000); Joe Il^dclsman, et al. 
(Chem. BioU 5(10):R2A5*m 1998); Michelle R- Random si al. <£rO«. ^ Acad, SfiL USA 
96:6451-6455, 1999); Joo-Heon Part, fitaL Q.BarterioL 186(5):lb7 1-1573. 2004); J«*e D. 
Wooden and Jorge C. Bscabnl.-SemerenalENM 101(10) : 3591J596, 2<M14); Tracey L. 
Grin** aod Jorge C. BflcaUmte-Sem,^ (L B a r.fcrjftl» 1 86C2>:454-4<52, 2004); Jeue D. 
Woodson, etaL fl. TtacterioL 185(24):7193.7210, 2IMD). 



PAGE 2/56 * RCVD AT 6121/2005 5:23:14 PM [Eastern Daylight Time] 1 SVR:USPTO-EFXRF-1/29 » DNIS:2730855 ' CSID: ' DURATION (mm-ss):2446 

BEST AVAILABLE COPY 



JUN 21 2005 16=29 FR 



TO 2878981571273085 P. 03/56 



No fit is believed mm? for the Examiner lo consider this te. If a fee ft. n^sary, 

please charge Deposit Account 17-0055 . 



Respectfully submitted 
Diana M. Downs, et al. 



June 21 ,2005 B y ; 



Jein C. Baker 
Attnnley for Applicants 
Rete. TNo. 35,433 
Qu^jfes & Brady LLP 
41 1 Hast Wisconsin Avwuie 
Milwaukee, WI 5324)2-4497 
(414) 277-5709 



PAGE 3156 * RCVD AT 6/21/2005 5:23:14 PM [Eastern Daylight Time] ' SVR:USPTO-EFXRF-1/29 * DNIS:2730855 ' CSID: ' DURATION (mm-ss):2446 



JUN 21 2005 16=29 FR 



TO 2878981571273085 P. 04/56 




Cuff, tout* Mot. Bail. 12003) 5: 1/* 

Genomics and Bacterial Metabolism 



Dion a M. Dowitf* 

Maaeon, i» Umian Dr„ Wadleon, Wi 5370B USA 



Abetrect 

The field Qf bacWrW m-ti>boH5m and 

amuobiy the oWteet In microbiology. ""Jriour 

umWratandlng Ol biological proceaeea 

pSSe hi tt* roots In early M « p^rto 

DtwelgSooy, After a period of declining Inter eat in 

molecular toohnlquag), genomic ™ 

rwltM u» etudy of bacterial 

physiology. Tlieae new teotinologUw be btg a nWMaW 

SppMMh metabolic q«^»"» • 
pSrapeotlve. When used In combination with cM« 
and molecular technique, 
technoloolefl wiy ma** It lewtote to 
complex integration of metabolic prtCWf^tnatreBu 
ln™amclant P hyatoU*y. « the ejma me, jjhcjj 
increaeed compUfltlonst capabilities, the meeo w 
amenta of degenerated by ***** tac*noioglee 
threaten to overwhelm, rather than taitMa, x ^f?^- 
FoT^to technolOBtoo to roach their cental for 
Incn^lna our unamending * ^^^'^^ 
mloroWologWB must became more collaborative and 
muttwiedpiinary than at any time tn our history. 

Introduction 

At the naie of any flvir* OOB iC aMMm, 
all the bixherntesu processes lairiububng » « \v MMrton. 
GMirtnttri uf tii«e p^ssee rwuite <n the W™w 
we ssBoclHk* with each orflftwcm, from bach** to human&. 
The field oi bootwial metabolism aruf (J lysloktfy » fliflwo V 
the oldest in microbiology Through the voore tomtifiators 
have recoaiized Ilia need to understand the fundamental 
pfkicfaltrt nf Ida pfocoacoc and reamed the «d*ant aa« of 
uabioi srokarvotto cm to achieve this- The fold ol microbial 
phvstoiogy has chanced Ihroughlheyeftre. Wfch ttieadvw a 
of tecru.bue3 that altowod researchers to locus more on 
molecular details of gene structure, organisation ana 
expression, research and interest In claMWii mexabotteni 
and phyHolugy declined. Knowledge of complete genome 
smuences the aoimy to visualize th* tranaenptton o 
entiro genoma* have brought a renewed appreciation o 
tne need to understand the physiology and metab^m o 
a baciarial cell. Thus a new generation ol microbial 
phyaioioolGb te emerging; those wflh genetic, Mimical, 
tniooular, and geriumte tools m W0*T hands. WUhout * 



Pai. floe-aefreflos. 



doubt, the applied of iW» <^ 

aoDroftChoc to me *My of baotwlai mrtahoiii. ■■ and 

Si ol oa*c ^I^S^Sm^ 
uaearatlon. wnile n™iy d ^ l0 P^^K^ 
tadWate progress In understanding mBl ^ii?S?? 

riMfiriton of bkwhemteai function muet not be »o« In the 
mix. 

Genomic Teohnlquoe Bncowage atebat Thlnkina 

Since the term was coined by Thomas Roderick in 1 987. 
the field ol flenomte has undergone e^sjve^twtrr 
Initial akeptlolcm from ms scientific comrnuntty 
valWIty "no raprodudhlRty of global teenn^ues 
aJ cpresBton arrayi) has largely been replaced by an 
Buomcialion fo/the value of the rJeV* that can he o^norated- 
TNe epprodaTion remains appropriawlv *™J»^ *V « 
recoaninon of the limrtatlons ot ih«« techn ques . 
Sftnteriea and critjquas continue lo force the »Md ^to 
reaweestoohniquw, app.oachoa. wnducione, and goals 
(Oownfi and E^lanta-Semereno, 2000; Gronow ™d 
prade. 20A1: PereoO ond Hoch, 200 1: TIuju and Milter, 
2CM2) , The bucoqcc or thfe ffekJ nan be meeaured by • th* 
impoct it has had n» Investlgatoro ui a«Woto«J2 
dleflpllne*. The flood ol press and data generated by global 
technologies ha* facilitated, and in lart mMm^. 
inveatigator^toreaB20th a tee. ; hsubi^ 
a eomponem of e i M -gnr complejf syctem, i Ms reafl /Hhun 
nas bfoiniiiL the field of mioroblaJ physiuk-Kjy full cycle. 
niaGfttcal miorobiai phy«lolwgi*is wwjj^. iT! 
wnttlDunonB ot a wiioie ^y=tcm t whother It wa» a ceil or a 
population ol cans, When IhCY nwaawed I pmpert'O* ^ 

Sllhnn utiuiatlon. mtrogon nxatkm, eto^ The Jjw« o 
mokcuor biology brouyhta. new opportunjtyto ^« B ^ 
mciacuiBf dHteSa ol componomc v/nnin thy ten The 
that a detailed Knowledge ol liie txjmpcnem^ 
would provide an understand-mp of the wholo. oncouragea 
dooodec ot reducrtonisi niudiea that have produced a *uki 
unctersEtandiny of a buge numoor of molecuiaT (iicNiBS. 
Now with the aovgm/implemeiilation el giooai 

teohr^ogtoc. the pendulum ta*-^^^ 8 ^ 
Characterized by a global paapooUvo 19 mohMsing in i i « 
same wny (iasfitcaj physiology was artfuirwed hy n>oteouku 
teohniciueo. omerguig genomic techno f™* 0 . 
another dunendot i to the study of bacterial rneiabollsn/ 
physiology. Data torn gtaDeJ onaly«efi (expression priolflee, 
protein profiloc. etc.) provide n framewot^ to Wontrfy 
cotrclatione and generate hypothoooa The purcutt aid 
ricorous tesiuiy ot those hypotheses, not the accumuUbon 
ul data, will cha/actorwe tne success ol metabolic Studio 

inthegonomioBera- 

technology has advanced to the point mai expres«^n 
profUea, pfotein profiloe^ and other global pallem*. are 
routmo enough w be ueaa a* a "global (monotype*. Hepons 
ol global anHlyws (oarticularry oxpreeeion array*) are 
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rMea.rf.ift6 did not J haver »"d thus &*^ d . When 

* tT^SffiS borate new 
the date ww*ys*s wom gl*ai ™ as »to„«j, tt 

hypothec and fore* om * f J^Zoio M 

prides q hemmy ^ (u ^?" ^J^L 2oaz™toau» 

oral ?002;W0fl30rnwn rtai.MMl). . . . 

iCrtl tneiUniial ol approaches u-sm B gobal 

T3*J by Wotoaii* Is thel o«nas e^eesed wgsti er 
^.MttK valid hypothesis. Wei-net ■ 

reported ft beco,rJ«g ^iwhclmm* Amon» 
are tfobsjewa ohtained from numerous b*«terta, 

dSSlKSh conditions, ma A"™!*™* 
SCIlhsy return 

new ana raiting *"*ian3 tor 

roeteboHsm. The gejaflMv o ihaee * c *^ h u " " T' 
dlttererwes in M| »e«ion levole^nd the fact «« 
oopulallons are being enolywd, make a °^JT| 
Eaters art eoneoousof ™hfe crwn*"*M 

(and thus, the relevance) ot the vanafiew I iW**J 
detected, in oddioen, e changa* ***** ** can "*J* 
•ttwr*«l or indirect effects of «t Pf""»* r 
•med. FulW. tho level at ™^ n «" 
iwav* correlate with the invel of pietem, much « is 
MM? pSeln. Forlr* reason, the 
ZSESi ZpLo^ te g»wng popularity e > 

Global anaiysBH cl gene expression «* being 
preSbyVeeW^ 

b muter Of goats. WhWWb use ^^^Oto^vaue 

ef theee vXhnc^B 5 ,tt.Udryertity end 

■ more dtltfcuit to enforce stonte^J? «» ""Si £ 

be medo h> ensure the ^J^«2t£ffl2l^ 
oonHdered In the nontext 01 outing 

research rMUBStremiriepestsr-^e^nWied 

end eddreesod in models that ere presented fx**"* 

as roseer** s from muinpio o»clp1ir««. '^JT^.^ 
KWAm of IhlG literature, employ these Ifiennoiogiai- 

Cue ens 'about mnieboliem based or « g^rnic 
tecwtfonta 11-1 flWWT to viotam a v-ri Vtec<^*J*ot 

**mLgto# ana dhwrf . Wr«r, ^Mflored to 
iselMion, OKpresston -irey ^ o^m«edJ ^» but ^ 
comDinsdon w«h knowledge trom decad«b ot 
a .,j mouletory stoaies, It c»n w*nerefce i e aeepe 

tne emsnsem Ueretue from previous metabolic studies i- 



„„to<i wito the thinking cupported by now 

^SloS-tJeters toe often end up 

»ne muet be aware ul to 

™° "S^J 'mms tnet may Imping* on d 
ensure idflittltying *» P™^?^^,^ a coneern with 
single pelhway J» ^ *JSfS?^ £U-J 
* W .jraS£ neSC^^etoran inverigeiorte 
?^ y :2tf^oWihBltera»we that heW* should 

^^^rnmunteetion between leseetchcrs versed » 
^ Joshes eiul those with a knowl«Uge ol 

advances bi dete etorage/anaJysls. win help addrees wis. 
concern. 



Model onjanlBne-Esctondtna ™ Pe™«0ma 

RMutefiorn gonome ^^^f^Z^S 

that metabolic pnomsm are eorwmd 

cqanlsms These results tave l»d to a f^ oa ' n 7„~ 
Struct metabolism In '^«* n ^ 0 3 1 ^;. f ^ D 
fftMtrtisona, 2001 , Mtttennubor. W>r, Schi HiHJ « 

the sUJdv et model intoroMflsnlame as a mee * to dMne 
JeS panSgme. In the ease of •"^•J*"*' 

Llyw* are p«*s«*. Numerous TZ JTeltiZ 
usubiim (hat has boon prompted. (uaMateB, enw» 

m»iIb about a locus and/or phenomenon loeiiWied m a 
^n^K^m and mves^gators are CojoWj ^ 
^e^tem In E. ootf (or other mortel orgenism) doe to 
nnl^e. ^d the v f r ^ W™^^^ n , 
the oaeierlum. An example otthis scenario o the _«tudy ot 

S " d..«ter biogenic, a ffc" •« <"™*™ 
Starve gwwth In We laa ten yesra. WorK ft, dm. . 
dners on nltrog-neM In A. vlnttantN Identiliad 9eno 
J5d?« (NiiaUA) reaue-od for ih* tormatJon ^ mMl 
dSn this oemplex ewyine system Weoebsor x« «r 
iflflg- ZtWTiB eta*. t993)- Thsse reeuns were hilluwed by 

In the chramosomo ot A. w/vrfanA (Zheng et oi, w 
..td the eubsequsMaen^^nthatthese 
oonesrved from bacteria to humane, end h*l 

mid 8oberon-Chavei, MOO: Ho" et el. 2Wio. lm »nu 

2001: TaKMloehl end Nriew 100S; VbisK ^ 
L 20011. wnse the Ki^emislry ot tne gem* h'0*=£ 
hco been purbuert in a numboroi organlsniK, '0""*.°" 

role sf the get* V"**** ^ been most rapid in .. eyM 
Tte OTRigiig crweOtofiMtion ottiw *fgenes (roooanBed 
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provide* more evklsnce the preOJtfvliy IM <« * 
<Z»**« by toying *• £ 

d&tafiwnwotkinuttai aystema (Paizor ana Hsmka, iks . 
RwniuJiwi at 4, fiQOffl.TherapW growth Dithte. and OttK* 
Iteul ol mettfowm ew> be fau U a y attributed the pn«M» . 
of compA/aflve gwKjmic tochrotofltQQ. 

A sfi gttry <ffllef em cxafnpie knives icbntific^olQ 

looiiitothtiiK*W 

orctudied tor terate in a metaboitoproooce (eq i n « ■ **nd 
oraanbm. If, as is often tho case in genetically liactaWe 
organism*, the lesion was Identified by a 
screen. tt» studies of hnmobga can P™* ■ ™* 

The meant work on oompetence OB»JJ 0ff ^ B 1 ,n i-S 
by Pinko! ot at « a good duration of 1Mb scenario, in into 
caee, use ol nova! phenolypic analyse* M., 
cnmpetffiveiwsa to long-term stationary phase), led to the 
Identification ot genes required tor the abUity ot £ coif to 
nee DNA «0 nutrient (Finkel and Koiter. 2001). AHhuugh 
not tiOfprianfl in retrospect. the germ involved woro 
homologs ot genoa ^ Hviwnvpfiirw Influenzae and 
Mfewto aa^ncaatf that had baen ascribed a ids to 
rati** competence (Dougherty and Smith, 19S9: Smrth 
ar ai., 1996). This finding fariMates progrese in trie 
understanding ul two distinct, but elrnilar metabolic 
process^. In tho absence ot comparative ganom.e 
tnahnotogiflO. 00* ot the research grnupa would have a 
more dilicuK tfme Identifying ■ fonctkm and phydoiogicai 
rote or on gena(s) Invoked in Ihofr rocpecttvo proves. 
TWs example also highftgha the benefit Oat would be 
derived from Knowing lha physical identity of genetic loot 
trxat have been described In tho literature. Such « 
currftUibn would allow reeearonerc to advartageol 
Ihe phyatology and phenotypuv th*t have been doooribeo 
lor mutants m rmiifl|ii» system* throughout tne yean?- 

Wlitlo the above cx&mplee era directly tn^ied by 
the plethora ot go noma sequwiia* And comparative 
genomic tectmologies, Hnjuabty the moot Important wort 
in model onjantmia ia the continuation « tne efforts alimul 
at und* retarding baoic metabolism that have boon 
preformed tor decades tw« kind of rnethortcoJ metabolic 
and molwcuter work will oominwo to derma metahniii: 
rvuttaaes and paradigms, thus feclHtetlny work in other 
&yotom&. Qno sheuW remember lhat a major factor in me 
spaed at wliiuh ganmnio analyses of oroaniarns progress** 
rs It* base Of metabolic knowledge, and molfjcularly 
detinod paradigms that have arisen as a the result ot 
decades of rigotuufr btocbemialry, gaieties, and mofecuiar 
blotogy In the model oigarti&fltt. Model organisms provide 
Ow logpcal forum to continue the molecular diaractflrtralion 
01 cellular processes, and uncover new metabolic 
' paradigms, wahout thifr work, the rifle o»d& that analysis 
of a ^uonce data w9 dog an orate into no mora than a 
means to catalog gores and proteins* A mechanism must 
remain In place lo uncover new areas 01 rocearcn and 
functional paradigmc, Genomic and sequencing 
technologies have not provided a maple bullot for 
understanding metabolism ihey are eimpiy one more too] 
In the arsenal available to the modern microbial 



ip mooel oTT^iiiams feunlikely to dimkwei m the forescoaDw 

future. 

Model organism* Facilitate eonomlc Analyst of 
Dtverae Orgenlama 

Tho uce oi model ortjHnlsms c^ea twyorxJ 
ownmetubottsni. Modelorganiem* ^o^edajauch 
hHcausa they offer toohnteal eaye. a ^r^ thQt wn M 
useful h probing the metaboUsm ol other ^g^ms- Tl^ 
anrioiatedgentKnes of model organs provWe N.cJional 
CnformHlioiTmat Is moro drtlitutt to acc^ h less tradable 
sytiema. For stance, OTmptomentailon of a mutant 
phonotype in genetically tea* tractablcorg^sms ay «r jft 
call ctene of known function oon provide HbwJl ™ 
tuncUon disrupted in the parent strain. Wnwoj 
genottoauy defied organteni can bo used to iderrt^y 
nTncttonal twrnotoga from divers* organisms. PiasmKl 
lihrarlaa of DNA Irom an organism of intereai con oe 
qeneraiod in a vector Uiat can replicato in fc.coA. wncn 
theae plasmxls are introduced to tho appropriate rnutan 
strain of £ cofitho pfaamtd(6) that comiiUiment the defeot 
are cartdidatae for carryiny a lunctlonal homotog or me 
crated rntestna in the £ coff mutant (Bull ot si., 1*W; 
Poscopelia tff a/.. 1094). Use ot hatBroiorjoua systerna 
(often but not atway* £ coir) lias become prevalent m 
idontitymg genetic w biochemical funotione from laet* 
tractable systema. The icohnologie* avallabla, In 
cDintflrtalton with comparative ginonifc c*>rwbilitiea hove 
almost made E colia requkHd lab reagent 

Metabotits propflrtias of drvwse organisms cari t* 
klentiried and tiudled by Introducing the geneto maiariaJ 
required for the relevant metHbulii*m into model hoci 
orqMifims IHandwisYmn #f a/-. t9g6:Rondonorar., tg98; 
Welnslnck at aL SOOO), I hio approach hnan 
nhamptaned In the amorgtng tleWs of melagortomlco 
{Rondon or af., 2000) arid metabolic onflinooring tCameron 
and Chaplan. 1»7>, In the former, motaboilo capaLilili^ 
t* tJ AnHblotio produotlon) can be WartlfiHrJ tiven 61 the 
absence 01 ooutturabla parwilorgantanv A^opriOlo host 
draw* are Idenfflwd based on the motaaoiic 
M«i»s1 nndother proporttoa. yangthteprnc^H, iiiaiabojc 
ofloabiiitiea con be "mined" rrom any anvironmont ov 
o&taimng, and dontng. Iiflrlerogenous DNA preparations. 
Following Wroduetion of tho reeuittf»g donas <nli> the 
appropilata organism, a rnaiabolfccapabiBly of intereot can 
bo identflied as a gained iiropenyof the host organism 
in ihe secinid. slightly different cltuation, oraanisms with 
nrupertlaa of Intereet bid used aa a sourcu of donor DNA. 
In this case, the desired metabolic property ta often an 
ability to bJosyntti**lBe an antibiotic, or a given compound 
whosH btoayntheflc pathway is the taroet of ei^itwnne 
tocus rjraugor and Walsh, 2QO0). The priirrary assumptions 
of tnoco approaches are that, i) the hodt organism will 
provide "siippunlng metabollamr such mat vrfiats UentifiwJ 
Is lha gonetlo Information uniquary neadud for the 
raspectrvo metabolic propurly, and S) tha genelie material 
tor this pronHB4i is tooatod In a eingio region of the donoi 
chranosome. cuch tnat is *vi9 be contatnRd on a contiguous 
piece of DNA, Th«se ajwumptlona ore moro or lees vatio 



PAGE 6/56 ' RCVD AT 6/21/2005 5:23:14 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-1f29 ' DNIS:2730855 * CSID: ' DURATION (mm-ss):2446 



JUN 21 2005 16:31 FR 



TO 2878981571273085 P. 07/56 



20 

depending on the iliuatiun, hid the ease at which those 
kinds of approMwtf can now bo applied, have attracted 
U» attention of Investigators In acaaetriia and industry. Allar 
fro genetic cnaterlal is Identified from In ww> <« /n 9W 
sources, it is useful In metabobc engineering ottorte, where 
DMA encoding desfred functions can be mantpulelfld aiicU 
or minagentted, to design and modify pathways for 
commercial gain (Atdor and Keaafcg. SOOi; Aider * 4, 
2002; MtDanifli ef a/., 1»9; Palter ef aA, 2001; PM« 
and Khosla. B001 ; Stacheihaus ef a/.. 1 9*5)- 

In the above cases IrXislratlng the potential tor studies 
with heierolofloue metabolisms, the limitations of tfw 
system should be Kept in rofnd. While tlwse approaches 
offer a powerM starting point the Integraftedl metabolism 
of each organism is the result of years ot selective 
prfuuiiifes and the subttettoc of regulation and efficiency 
are unlikely to be mimicked In heterologous systems. Whae 
manipulating Lhasa genomes and organleme to reach a 
gual or target a oomponont, the benelh of ifnajrstanding 
hornogoneous systems should oh kept in mind and pursued 
at a later pot (4. 



Functional Genomic* - or Classical Oanettce? 

At sum* level the goal ol oJ microbial pnystobglels Is tn 
understand tho functwrHs) of each protein and how they 
work together to result in the efficient physiology we 
associate wati a living celt. The work or most investigator* 
fatis somewhere along the continuum ol identifying a gene, 
to understanding its role end tnt*rfwtions w vivo. For a 
number of nwma-i*, tew lab* strive to span ihe entire 
mntinuuraThe more common scenario is when a jpi *mlc 
investigation Ktertffles gerw(s) that aie mrmectfld (t.e,. by 
regulation, location, lionrtology. etc..) to the exoooi research 
luu* in a laboratory. In thoeo cnuations, aputmlve.funntinii 
for the geno product often ©rfsts ba$«d on Intormatlon that 
ted to an interest In this rjwia The function of tno relevant 
gene is ihen pursued In the eonioxt of other research In 
the laboratory. Another powerful means to kteniify 
furwflonaHy connected caraponmita In ww Is by uainp, 
genetic suppresytr artttysfa, True opproooh will (denary 
genes that are Involved in a proems of Interest, hovmver 
Indirectry [Downs and EscaJRnte-Sem&rena, 2000; &10S- 
Bertage and Downs, 1997; EnOS-Borlago *f ak } 
Qralnick and Downs, aooi; Petersen m l&$6% Ttie 
difficulty m tnts approach Is thai gongs that are Identified 
by the 5a mulartl analyses often have np obvious connection 
to the process of interest Thus trie Investigator may 
struggle to define the function of the relevant gene product 
and the e^Iananon for its ton *r action with the inftJaJ process. 
So, whin this approach has significant potential to provide 
a functional context for unKnown genes in v/Va, few 
invocugatoreiake advantage ul ll. 

1 etfrjfts Himad at Identifying the function Of proteins on 
a global scale 1al under the poorly defined rubric: nf 
"functional genomics*. Often these approaches depend on 
a irenscrfptorne, proleame> rnetabobrne or tne rocult of 
chamcteriratiQn by eomo alhor M omic" lechnlqiie (Eymarcn 
et ox, zero; Tao era*. I9$e; Tunibuta end Whitman: Wen 
and Buma, 2002). Many time* these efforts oimpty result 
in a catalog of geroe vyfth respect to a given conrSiitm or 



genetic bacJtgrotJrxi. Whflo thoce analyses piovicte valuable 
data they are not a demonstration of lunctioa One must 
realize mat cellular function implies a known role in v/i/c 
understanding the function of Q protein in vtvo r^ua-ee 
tlKil two thinge bo true. First, there must b» h biocriBmcal 
function tor the protrtnthat is demonstrable in vtoo. Second, 
lackefmisbtachurYitcaJ function must explain the phenotypB 
thai resulta; In a cell tacking the relevant protwin. Hence 
neither result alone, and certainly not a solely global 
analysis, wttl allow definitive annotation of a gene. A 
common 'hjnetiorval genomic" Mraiegy besig pursiiHU in a 
number ol organism& is to knock out aR genes In turn, and 
analyze ihe resulting phenotype. While this eounds 
promising at first, the value of this approach Is ilmlteii 
Cousider that in some organisms, notably F- co/^. 
ontericm, clasocal genetic approaches, scoring a votioty 
of pnanotypwt. have been performed for more that 50 
years. Without creatively screening phenotype. hnw likely 
te this strategy to uncover gunes that have not boon 
identified? in the hnnt case scenario, this approach may 
Identify a tew additional genes whose absent* results in a 
clear growth phenotype. An ImrnwJiaie benefit mmjW bo 
derived tram diese approaches. If the doto were imerpreted 
In ttwi mritext of past literature to aeelfjn a physteal locaibn 
to genetically defined tod m the iHerature (Doughefty and 
Uowne, 2003; Fradyina «nd Downs, 19QB: Poberts and 
Reave, 19TO. Sanderson and rtottv 1W6). After decaoei 
of mntaboiic genotioc and tHoertemlstry In « number of 
omanlamo, oururwerstandlngofbaslftmiriabollsm iegcod- 
Hushing me iirvefi»Lu^ling cf rnetaboliem^hyciology to 
U w nftrf bval will reouiro that creative approaches b« used 
to address phorwtypes caused by lack of additional cellular 
components, n Is rwmimbbte thai many of tho UHR; that 
completely unchareotcrlzed are not required for h 
procdas to funcnon, out rather for hs uutimteatton. Other 
genetic approaches rmisf im cuiisldered to uncovor tne 
subtle andfor oxidiHonal defecto nocoolated with loss of 
these accessory or redundant proteins. Strategic U »at hiwn 
been cucceesful in fdendtylng piriiwiiia with this type 
function protein include gflnfrfetinfl synthetic lethal mutants 
(or synlhelic auxotnophs), scoring rooiced not ellmlnirfwJ 
growth, and multi-copy suppression analyses (Qralnick and 
Downs, 200 1 ; Peteiseri end Downs, IGQeiPotoreenefa/., 
tftSfi; Petersen and Downs, tow; irzewatowskl et *t/,, 
1994). Other creative approaches wait to ha pioneered. 

Even at their bust, the scenarios described above wtii 
Identify a conritkm where the relevant gene product is 
needed, a far ory from knowing the tn wvo hiuchemical 
lundion. The number of proteins whoae onty homologs 
are other undefined proteins with a slrriar motif, suggests 
we do not have an understanding ot all functional desrtas 
Of proteins. His posclbte, and even fitoely. thatthaae protein 
families define new functicntal and biochemical perodigmc 
that hav* not been characterized. The question becomes 
how to go past cataloging by sequence similarity and 
oxpresdon studies to identify the biochemical function? 
This question is at the crux of an ability to extend cor 
understanding of meta&cficm t and there is no easy cin»n«rr 
Nor ie there a computer program with ihe power to predict 
functkm tiam unique primary scquonce. it has been 
suggested thai by aotBrmlnlrvg me crystal structure nd thosa 
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^acteriiod proteins. »paia*vat^nw|«t«do^ 

oan«Br£Touttli«d. nor toreeH because mo oW=^'» 
^.vT^sWa These sU/M* must be pursued «itn a 

KoV will use •nol^^. * 0 *r^S*ltor? 
^omfe .sonnologk*. and Wlw their ^^^ a 
,,._.„.. hM (emitted n landromk diseovenoe m nw 

lor this kindiol unites*! discovery based lew**. 



Dab ManBflMieiM end DtsMmlnrtien 

With genomic teohrtatojlos have ""^^ 
vohunes «t MM that must b» "^••^""StaS 

KM and,ig,.in*nt ^^^JiCKSSK 
data mana^mfifrt keeps pace *^™j7r 
fed^e (Covert .rat. 2001; 

<«ttwHre to handle, scr«*i and analyz* t™e uaia 
^ed flWare addUional ^ ^<f n ^l d , 
nee* required tor research inbact™ 

metabolism to P*ogr«» <f^^JHB?n 
indudo the need to; l) make data ttoadly av« *a 

rapidly update a* **^ 
S Mow common ^rn-ncirtu™ rul«. Th9 llew rt 

Ztabolism and physWog/ 1* «» B 22fi n 'Xo5 
Wenraiwenstuw. P™ 9 ™ 4 h Wsfl ^J^-i^»2Ss 

.tfthwava/breowea*- Beamae Information mat mu« no 
ZhSSSv^MA studios is becomkip so dMMc 
SHd1«pr Ba d. it is often nut Willed llav- J** 
Tsswireharo and thl» slows prosreas and Inae**"* 

LwiL immunity cannot »My detemwo what <u* 
... to eiipport one « another conclusion 
4fe co^oS aEenl anno*** of ^^*J 6 ™» 8 
* criS^r metabolic studies. As •"■f''™*^; 
^.Woanl v*rK on unknown ^nos. and no* genre » 
dScrso organisms Is dictated by seauence b««*i«Hy » 
S^ilnntodoloraaniarns I'inm*?^" 
■ XlltOdaaWbotrolunUionaJ f9£*E"W 
aimilarttvvi an annolHlad gens si o offlerent o^w, and 
& annotation la ^correct nr not ckrfrrtyo, We 
Otoraluracan becomo eompromiwd in away ttiat it hard 
?S *" te^alive thai MOOT be lnvuh«d , * 
wdamaT h» ."Natations and that the standard w 
wnotatton bo aoariy in each owe. such 
^P«», defenrible. conciusione can be mado when 



snqueneo similarity la *>i«^. ^ 

SaSSSSsssss. 

?o2T CraTarrt Downs. 2003: 1 raw*"-* 

product (K - an ^ r .r'" L, a portoc eolurlon, binoe. 
i n r fi<jJiboma*b*rtfBianaillon.nnatrio yw rtB 55!*~" 
^ « « M»-d. untertunataly, literature w Mn 

oTno aro uesd. Not ™iy tsthls is a prob^""*'*™'^? 

an Bflu.t should tail «i. An «id«nslon el imp ■f^J*™ 
niametion tnat a lanji. amount ol 
inmmailon » f^tai in the *a«iu» »««>thj Brno wr»n 
SSwen. oenetlcally, but not physically datnad^ If «* 
L«SwScai corfewbn ul th«ogenosv*.~ 

fnCconteTi of currant wofK.wHcr.te protermod«*h m. 
^.SnJohvsloal location. UnlortunattlV, m both d ttw» 

b unliWly to do P*^n JTon 
case by wsa baals un»S8 a mapi ampnase » P" 1 °" 
solving these data manayament chollBnges. 

In addition to the rather mundane wse» described 
aW « ,9m» is « fl'owing need tor nw »ir,p«M«l 

Tor metabolic research to 
rowarcrws rmrst be atolo to consider 
Eomext ol what Is Known. We ^^ x ffl 

date integration Is 
ancouraoed- SomH researchers can be wel *»fseain ww 
^nS «.« eriet m a email »n« of 
S ^..nderstondlng ol nrnu.be k, eonnoMions onJ 
"tegration expands, M hBcomeO ^^f* 1 " tor 0,18 

SSlontol- stored W*f ^.tololoiiern. th* 
F.w tha potspeetive ol bmienal WjrteW"^^ 

chsneme taclngm W^*^^ 
software cxn, |) integrate IPS intom«uon h ^ 
on U«fi*kl..«l patmvavs and prreasseeto Pr°een*« 
Hucassble oWWre or the m«**>ollfl connections thm «™st 
S Bierdture lor words of pti»* 3 that 

Ml wHhin o manuvcripr of lecuc. 

th. kern* case. s»rage ^^^S^^Xa 
thni can bo accessed, modeled, and ewanded 
Some ot this v».k boainning. and w-nd > >UabeM 

«W with ana ooal in ^'^v^T^^'S 
Karp. ?001; Korp «r at, 200?; Kaip ef ^0^^.' 
progress m understB..dli 1 g metoboto ^.a^.'T ^ 
Ken, tnouVi be some moonanisni to inoxporaW i Ihese 

researoh rosulte into *• 
Disolayotwle iifcmKdlonineuaeW v»y «W njq.™»6ornc 
Sky. Both aii. eel biochemioal «n™iton«. and more 
SZc. «nnootion B . wwdi can «^ « » "1 
oBtnwev»nxees, need tobepresontod. imr»»tantty.U'ese 
d^S^doCleer coccrip«n of «i.l«h cohnoouons/ 
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ootivaies w « documented by axp*rfrnentHl and whieh 

are WSSK^ a need tor « £ 
tlnd referent lo * P^*^ ft ^ 
Irteraliimwtenlherd^^ 

otamafiuoorrpi. Classical Hpproaehes « J^abo*. 
charwiorftaiiOT oftoi res-ih In valuable owwvato^.rthKh 

apparent to The author* «t the <*ri9 ma ^ d VjS^ 
Kgm focusing on a dmorem area ol me^sm 
SSSUvM may provde ta£ 
scenario, the -side- observation mlgm never be m« 
MhT re evanl researcher*, since as a minor in 

searches. An aftuny to sa*ch the ftemture lor words and 
phrases ihBt Indicate a metabolic conne^wi wouW 
tadOtaO* tha integrative tmnwng thathwe* l^or* in 
«r*tabo11c studlee need. Progress In 
depends on astute researcher* recognizing f^no^es 
and obw^aiferw that suggest a toy connection or explain 
a natabclie behavior. The dWcuti/ In the field hw been 
communicant*, these observations ^J^f™ 
retevant person^) to acoow to R In 
are* cites out tor colaboratlor and camm^icalton benvaen 
awerts In a number ot disciplines, and ktenttttee an area 
tnai could have an enormous Impact on the p^o! 
our urnfe. standing ot ocoterlal metabolism. When this 
concept becomes a reality, perhape the eolemfflc 
community as a whole will be more receptive to trie v*Aj* 
01 describing phenomena tor which a Wnchermcal 
alienation is pot yet reacKy availAlft- 

Conclusions 

These ere excdngttnaslof trw fieldnf bacterial motabolRm 
and prtyeiofcgy. h twa lung been recognized that the cwfl 
was cornet**! of many Intonated metabolic P^™** 3 f d 
aocoasee. Ae our Knowledge of iiulvMnal componorrtc has 
^oroocedL we haw read »d lhe point whoro n ic no longer 
enough tu consider a stogie pathway (or prows.<) mitout 
mcard its Integration with trie oilier ceikdar eornponontc 
Ae global tecrmologtes and data manacjemciU strategies 
oonflnue id Uj developed, tho capacity to present mid 
catalnn lha irn^rafcm 01 multiple pathways «J»d please* 
win reach a lovei not posstoie tor tha human brain to retain, 
Thocb capabilities wit] push our understanding of b scierlal 
matabolfeni la a higher level ot cornptextty. 

Ironically, what ceems to draw newa/chere to genomic 
analyses. f,e., the volnrie ol data reflecting activity in the 
whole coll, la snaler to tho ctiaracterisBce that often a ive 
Invesogators from the more classical approaches to 
physiology and metabolism. Tho methodical "discovery 
ecfeftce 01 classical metabolic genetics and biochemisiry 
is often cnaracterfced by stow paced, weaving progress 
with numerous wrong turns, r*<v*ed to generate ana 
discard models thai can explain complex priercnypes 1 in 
the ooiit^ ol ma cellular btoohemian/ The neid of Notorial 
metabollem IG cnaractarued by a .salHmpcsed mandate 
to consider metdbofc pfoceaecs In tne come* or celtuiar 
physiology, rather than in isolation. The dttfinufty these 



marchers icoa te the voku.« of data. ^ K^wledyeoi 

to noneraie an hidusrvo model. Camputabonal fierce nos 
L^pSlioeaeethiso)fficuttyhth«r^ 
l^^ntograilori ol data g»ieieied from muftw«c.p«nRry 

approach*! to metehtifem. . , Ae ,h*\ n ur» 

Genome lechnolopjos and data analysiH technique, 
are pn^ul tools to probe DactHriaJ rnMabofiari 1 b^ they 
| WW yrt to rpptoca the oirtosKy ^ croetivRy 
mind m maK^ng progress, Thasa technology *^ 
IhV rapid nniSloging 0! eoquence s.m.lar^es and 
dlllyreSlaoa. common "flui«w U»^^ 
stabirity. Tho challenge In the field * P^W»* 
™Sam in thn luture m be to take ^^Q f ^«e 
techngtogiea without tostng an open mind and the drive to 
^"ueine ostoepiiona, or ^ placas that do not fit no 
paradigms. Thus, ai addition to gonomic teohr.olog^s ; 
creaUvily end peraietence will be required ■lweare«»j^ 
our knowledge ot cellular pruueseaa and ^orcter^g of 
metabolic integralton ki the next level by conunmng * 
define biological paradigm* 
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syphilis / vasTM* / diagnostics 



1. From whole genuine sequence 
lo applications 

A major goal of microbial genome rejects i3 
the davelopmr.nl of diagnostics, vaccina, and 
therapeutics. With the completion of a number 
of whole genome sequences CWGSs) from 
pathogenic miovur^nisrtft, there are numer- 
ous e&rts underway tu mine these genomes for 
iiich applications. In this bri^f review, we die- 
cittft the issues involved in tliis proceSSr with 
specific reference to the genonw of Treponema 
pallidum M causative agent of syphilis, for 

example. ' 

P*n\aps the most difficult of the foree appli- 
cations is the development of new antimicrobial 
therapeutics. This requires as a first step the 
identification of targets that are essential to 



r G>rTesportdencE and reprints 
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survival of the microbe timing infection. WC& 
impact this in several way* Fin* genes that are 
essrnttal and &ingie copy in some organisms 
may he duplicated in other gown**, making 
them less Attractive as targets. This can. be 
readily observed from inspection of a WGo *nd 
these genus can b* avoided in antirnirruhial 
development. Second, homologs to rwu* 
Known to be essential in othar microbes can be 
Unified in a WCS and, while this docs not 
prove that the gene te essential. iL allows it to be 
cloned and studied or mutated. Thin laUcr testis 
the eoU standard for proving a gene to be 
eeeantialbut i$ complicated since the phennlype 
of a null mutation in an essential gene U lethal- 
ity, Since such mutant* cannot be recovered 
directly; they are not isolated in standard 
mutant hunts and require sophisticated directed 
genetic approaches that are made much easier 
by knowing the gene's sequence. Thi$, however, 
is the easiest part of developing anHmicrobiaJa, 
Once the lar&et is identified the wan* for 
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chemicals that Inhibit thfi target's function 
beginSr requiting large chennral libraries, 
chemical modification of promising molecules 
in improve efficacy and reduce toxicity <hc 
host, and further studies In animals. 

Beccuwe nf thifl Long road to a new antwnleivr 
blal, tlu^e fipnlicaHans are not likely to be 
realized tunn Rather, the other two goals, diag- 
nostic* and vaccine*, at* much mote likely to be 
the first fruits frum f^.iiomka. Jheac products 
arc relatively Uw* demanding than developing 
antimicrobial Purtiienm>re v converting genomic 
information into these product* has the poten- 
tial for lii^tnroughput approaches, allowing 
rapid, exhaustive Kreening uf all grflft products 
predicted from a genome. Hifch-Lluwghput 
approaches arc also possible in identifying anti- 
microbial targets, namely genes that an* essen- 
tial as defined by knock-out mutations 11, S]. 
Rut the subsequent development of chemkal 
inhibitors is more complex than the steps 
needed in diagnostic or vaccine development. 



The »tep* of * Ugh-throughput pipeline to 
identifying diHgiuislic or vaccine candidates ar* 
shown in fi%u** 1- Two Vft y elements are heter- 
ologous expression and primary assays. Since 
many pathogens arw difficult tn grow or Jack 
systems for genetic irwiipulrilinn by the experi- 
mentalist it it Often essential to *vpre39 each 
gme product in Escherichia coli or another suit- 
able surrogate host A classic example of this is 
Tiriwitnia pallidum. Although T. pulhdvm was 
identified as the cause of fiyphllls in 1905 [8, 9], 
it is still nnt possible to continuously ciihw 
this bacterium in the laboratory. Rather it must 
be propagated in Animal hosts, usually rabbit 
testes. Thus, studies of the gene products of T. 
pallidum requiii? thot Iriey be produced in a 
surrogate host 

Once each gene in an organism can be pro- 
duced and studied separately, it then neces- 
sary to have some screen for utilUy. For diag- 
nostics, the antigenicity of each gene product is 
n-adily determined using patuuit seium 
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Figure I. hrom noomo to applteaitoni: htf«lnWiP« pipeline, Ccnomo «qu C «« wj uap* to pr*Hr rt^sec^cnua 
COKM vthkh on than be doncd eaprwuan vtadrs to prorfciw kw.1i piuuem wicodcd by the jenam* i* » «urregi» non. sucn 
3i E fftli m nuke subsequent inirtfittlfen mof « WUi!. bifih 01 thwt gane pretfueu can then be tp»«ii. « & iimpjc prirrwry way. tor 
antterticrty in tha ai« of i diunoiticor far same wpew of irrotecden «ealrwt dtthw in the »» of » viccw- ™ ""T™ ? ,B 101 
nf u.idiiUui from I 000 or more In tha Initnl g*0HW mtewi to i mor* mwigeaUc number dwl w then to ttudlofl wcu. 
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samples. Testing for uiununogerurity is more 
difficult since one cannot necessarily set up an 
elaborate, rigorous* vaccine Hsl for each gene 
product Again, T. pallidum illustrates samo 
the issuer T. paJKdiiffi infection is limited Ln 
humans 60 the only true vaccine effigy test 
would involve man, but thts is not practicable 
for large-scale screening. Rather, one would like 
an assay, however much a rough t&t it i$ r that 
Allows large-scale saccning of gene products 
for some characteristic of efficacy. This is likely 
to be in an animal model, not necessarily com- 
pletely appropriate for man, But as long as ft is 
yuffnieiil in reduce die number of candidate 
H«ius piuducls il is useful Some produrfa that 
might work hs n vnivnir will Iw missed , and 
others that are found willuuL pan out in a more 
rigorous human trial One must bear jn ml™.! 
that there are likely to b« multiple gunn prod' 
ucts that can function as vaccines and our goal 
is to find at least some of ihese, not every one. 
Thic smaller number of candidates can then be 
arudied in more detail, with more rigorous 
approaches, to identify the best ones. 

It should also be pointed out that these procc 
d lit* do not require any knowledge of the func- 
tion or homolags of the gene products lor them to 
be screened successfully. This brute force science 
will < nine up wiLh 'solutions' to important clini- 
cal problem* without providing 'aawmrV to the 
question^ of funrl itiu and mechanism* But clearly 
wiu:u efficacious gene products are identified, 
they will receive suhscqueni ardent atUtnliun by 
the research community. 

2. The challenges 

of heterolognus expression 

Exhaustive screening of rh* rnmnlprncnr, rtf 
predicted gervs of hj\ organism require expies- 
lion of each gene su tltaL lis piodticl may he 
tested- As nuted hIhjvc*, for many uranism* uf 
interest thU Cini only be accomplished in a 
surrogate host such as E. coli. Expression does 
not mean transcription and translation of the 
foreign gene in £. celt using the native expres- 
sion signals of the gene. Rather, one attaches £. 
colt expression signals to the coding sequence of 



the gene, with the aim of producing high quan- 
tities of the protein, usually with additional 
sequences such as a histidinc tag to facilitate 
purification. Kxpresnion then refers to the suc- 
cessful delect ion of the gene product/ requiring 
not only transcription and translation, but alflo 
accumulation of the product in a soluble farm 
that can be detected on gels and isolated. White 
it is easy to construct hybrid genes in which a 
foreign open reading frame is properly fused to 
an E, coli promoter and translation start 
sequence, expression or foreign genes in £. coli 
i* nevertheless a difficult and unpredictable 
process. 

Our own expediences at expressing T, paUU 
dum proteins in £< coli are illustrative. Attempt* 
to rvprrrM five putative hemolysin coding 
mi pjs [11 1 in a selection of vectors gave 

varitfblu ivsulU, some of which *re summarized 
in table I. When we initially tried tu rxpnssft 
these genes in standard high copy nuiubt-i 
plasrruds using the to expression signals, only 
two of the genc9 (tlyC and hlyC) gave good 
results. In general expression in vectors using 
the lac promoter and a high copy number rep- 
licon was least useful, with instability of the 
vector ? Lximmuh outturn*. This is likely due to 
the incomplete control of litis promoter, result- 
ing in basal synthesis of gene products that may 
be toxic. Toxicity need not be due to the func- 
tional activity of tho gene product but could 
result from aggregation/ incomplete secretion, 
or other detrimental effects of the (inactive) 
polypeptide on C. coti machinery; Regardless, 
this mdersoores the importance of regulated 
expression, Wfe generally mid better results wi I In 
tightly regulated promoters, such as ara or T7, 
and lower copy number vectors. In additloa 
fusion of additional sequences to the foreign 
polypeptide could have positive effects, particu- 
larly on those products that did not accumulate 
in the cell despite correct attachment of appro- 
priate expression signals. These gene products 
may have been losl Hue to d^gradnfion nr 

a##regnHun in thn rull. Thiiiredoxiil fusions 
showed the buvt behaviox of those dial wen? 
tried. 
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Tn figure 2, the kinetics of explosion of three 
nf the hemolysins fused to thiorednxin ore 
!*ltown. The hijfL gene (lanes 9-12.) rxpiesscd 
well in moat vectors, The MyA gene Waived a 
different pattern of expression (lanes 1, 3, 7), 
with Hirumulation ceding soon aft« induction 
of expression. This is a pattern suggesting mx- 
Icity of tte gene product. In contrast the hlxilll 
gam product flanes Z 4, 6, 8) was fifthly 
aggregated, ev*n under the dciuiturlnjj caiKh- 
tiorte used in sample preparation and SDS- 
polyacrylarnlde pel e]edrnphorcsis« The htylll 
product- Cither alone or fuswi to other 
sequences, was not observed after expression in 
other vectors (trifc/), presumably because it 
was even more highly aggregated awl did not 
roter the gel, The thioredoxki may *duf* 
rtggiegation of hfertif fiufacumtV to allow lhe 
polypeptide to enter the gel, albeit sull in a 
partially aggregated form. Fusion of rhw- 
rediwiu nr other seqwencos to MyA incvewod 
production of this polypeptide, although it 
appeared tu 1* Uwk. We speculate that it could 
be even more toxic in its native state and that 
the fusions wdured this toxicity, allowing 
expression to continue for long enough for the 
protein to be made ami accumulate. Another 
example that Is not shown is MyB, which wa$ 
produced with normal kinetics but at lower 
leveb than hlyC. This may indicate some prob- 
lem with transcription or hviaslaLion of the 
coding scquencej or reduced stability of the 
mRNA or protein. These example* demonstrate 
lhat there arc a range of problems associAtm) 
with heterologous expression and it Is likrly 



there will not be a single vector solution hi 
expressing all coding fieouences from a genome. 
It should also be noted that the genotype of the 
hoct could affect the h-wl of production. Strains 
with mutations that stabilise mRNAor proteins 
are of use but are not discussed here. 



3. Identifying candidate 
for itnmiihodiagntostics 

Detection methods for diagnostic purposes 
can be facilitated by a WCS in numerous ways. 
At a niiiuiiiuin, having the WCS allows one to 
identiry unique wquences thftt can be used for 
sensitive PCIUwsed a^ays. However, while 
this readily detects ll* organism, it provides 
little Other Information. Immunodiagnostics, on 
the other hand, indicate what gene products 
have been expressed (and rrrognized by the 
host) which may be correlate] wilh the stage or 
type of infection. For a disease auch as syphilis, 
there are characteristic stages, some or which 
involve long latent periods in wliich it may be 
difficult to detect the organism by PCR-hased 
assays. Tn addition, detecting the or^niwii by 
PGR docs not discriminate between the stage* 
of the mfcoUrm. However, it is possible thai 
same antigens may be characteristic of each 
stage and thus unrnunodiagnostfes could not 
only detect the dis^ae but the stage as well. 

Fortunately, expression of active, functional 
polypeptides are not required for this purpose. 
Rather, inactive, even Incomplete polypeptide 
sequences will suffice to reatf with imd detect 
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antibodies in patient sera. The contribution of a 
WGSki this cause is that it allows th« genome tn 
be exhaustively sampled for antigens by 
expressing each coding sequence as discussed 
above. Traditionally, antigen-encoding genes 
are detected by nuking a shotgun genomic 
library In a standard vector (e.g. pBR322 or the 
pUC family) which Hux>mplishes egression in 
E, coli as hiph copy number vectors using the lac 
signals. Ab discussed abov*, this id not produc 
hve for genes that are toxic, or do not accumu- 
late the gene product for various reasons. In 
addition, this shotgun approach mainly detects 
the strongest reacting polypeptides. Thus, weak 
exprcssora, poor reactors, and difficult to rlnmrr 
gene* ere selected against, resulting in a s^nifi- 
cant bias. In contrast, the e;en*Wgene 
approach that ia possible with the heterologous 
expression of all predicted coding sequences 
from a WGS remove this biflfi- In the case of T. 
pallidum, for wimple, there hod been several 
shotRun approaches to antigen detection, but 
none had dnha-trd the hemolysins as antigens 
[U]> Howuvec using rimes expressing each 
hemolysin and n variety of human syphilitic 
patient sera, we we-ie flbl* to show reaction of 



each of these proteins (tabh IT). Clearly all of 
these polypeptides react with at least some of 
the sera, although only the tlyC product showed 
complete reactivity, with hlyC and %7TI prod- 
ucts being less completely reactive and hlyA and 
hlyB products being least widely reactive. Pre- 
sumably none of these had been detected m 
shotgun experiments because of expression dif- 
ficulties or other issues, such as the strength uf 
reaction. None of tHr aera used had been staged 
with respect to the disease but this would be an 
interesting explanation to account tor the more 
celective reactivity uf sume of the gene prod- 



ucts. 



4. Identifying candidates for vaccine* 

As with tests for immimodiaguostiu,, deler- 
wiiLing varrine candidatec does not retiuir* 
exprcssiMN of active functional polypeptides. 
FuTthuriiiow, the predicted coding sequences 
can, m principle, be exhaustively Sampled using 
the inactive and /or incomplete polypeptide 
Bequences protlured by heterologous expres- 
sion, The issue here i* a suitable In vivo screen- 
ing method flint ran suggest efficacy of 
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l&blA It. Reactivity of 7i pcl/tfuw hemolysin bomolcp with 
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NRS, normal rabbit mxwk IRS, immune rabbit serum; all othtfr sample* were human fiypMUHc sera (not ^S^-^ 
dUution foe pin*!™ ife.uUa in \he RPR ttadlMiJ NU, not Ks&ctive Itt adtfHon all human W£W«" positive for the MHA 
(cct. Tha 6flS»pto« of each expressed h™il yJ ,in (as a fowredoxiil fustoft) W«e run On SDS polyacrylunid* wis : and 
subjected to wectem blotting with a«h serum sarapltf, TV w.wnB tt^itvrty from - to +4-+ was based on qualllaave 
inspection of the biota. 

polypeptides and which is suited to large-scale 
screening. Syphilis is an exclusively human 
disease, however, and there Is no animal model 
at present Nevertheless, on example of the 
direction that may be fruitful is the rabbit skin 
ttttl shown in figure 3* In thia case, a different 
polypeptide, » portion nf the tptf gene was 
expr^sst*! d * a fusion Id a histidine tag, purified 
aiul used lo ir , vmimi7 - p a rabbit The tprF gene is 
a mcrnTjer (if a g*ne lamily with 12 members in 
T, ftiitlidutn {^llJ.Thesegmr-iort bdteved to be 
important fur vindwH.*? riecause nf their similar- 
ity tu llw Msp pioltin of TrcpntKTn& dimtkala, 
which has been shown tu have several 
virulence-related interaction* with the ho*t [2, 3 ( 
6i 10|, When 7. pallidum Is Inoculated on the 
rabbit back/ pustules form but these are reduced 
in severity in the immunised animaL Although 
this is fl far cry from a model for the multistage 
syphilis infection in humans, it nevertheless 
shows that this polypeptide may reduce the 
pathology associated with initial infection and 



thus may be useful in preventing initiation or 
uai (amission of the infection. While a rabbit is 
not the ideal experimental animal lo use to test 
the 1 000 coding wquences predicted in thci T 
pallidum WGS, this type of model might be 
adaptable to smaller animals that aru mure 
appropriate for higher throughput analyst*;. 



5. Conclusions and the futures 
functional analysis 

These brief encountere with the T, pallidum 
WC& show the power and influence that this 
da la flond ran on a field, litis organism 
has hwn WgKly impene Liable owing to the 
fastidious gruwlh jecuiiremenl». In addition/ the 
novel course of mn.'rrk.in and the facL that 
spirochetes are evtdulkuwily distant from bet- 
ter studied pathogens (only about half the £«ne?» 
in the WGS match known [tene* in tliu dnla- 
basefi) prevent precedents from other pathugtfm 
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Figure 3. Rabbit <h»lleiXP rudy IS dap powinfocoon. Th« *to»d tacks of New Zealand white rubblu. une of which hid Pf*™"*^ 
been tmrnunTzed InrafBriimlly v»(Ui purified TprP protein <c*prtucd ond purified a& * hlittdins^agtdnietort). wire InonibwH whh 10 
traponames por ira, PiUOlIk fomurlM li visible si IB days In die MuhhaI rabbit wMte tht •evoltf af the taw to roducad m th* 
Irnrtvuniied inlmtt 



being useful as clues to pathogenesis of Infoo 
Hrw. Yet by focusing on a handful of previously 
unknown genes, elucidated from the WCS, it is 
possible to comr up with new candid ntca for 
iirununotliHgnostlis and vaccina. Ueaxiy, the 
future of clinical applications from WGSa is a 
bright one 

While this article ha> focused or the bmt« 
force J solution' side of applications, it is impor- 
tant to consider how WGS information can also 
be used for functional analysis of the predicted 
coding sequences. For example, huw du we 
know if any of the hemolysin genes actually 
code fox hemolysins? This requires expression 
of the coding sequence to produce an intact (or 
near intact) product that can be tested for activ 
ity. As indicated in table I, this is a reel challenge 
for same oi the gen£5. The solution to this 
problem is not clear but there axe many avenues 
to pursue. Peihaps the solution lies with using 
different vector*, such as those with signal 
st*]Ht*it:fis to expoit proteins, or different hosttf, 
both mutants fit T. call a* well as other organ- 
isms, including lftkft«nd, yeast, ai even insect 
culls. Alternatively, other methods Mich as 
phajj* display tminology [7] may obviate Hie 
need to produce tliu protein in a fuim compat- 
ible with the Intracellular environment. Or per- 



haps* U)Ul iu vitro synthesis, using For ftxample 
a T7 promoter and polymeria anil tin in vitro 
translation system, is nioru appiupriale for 
high-throughput production of gene products. 
All of these approaches are mainly untested but 
the desirability of using them to exploit WGSs 
should stimulate their further development. 
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Molecular b^'"'?^ » 
soil mlcrobasi a new frontier for "ciaray* and 
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Robert M Goodman 1 



n 



Cuftured soil ffl»CWOfB*nlOTi P™*** 
immm of nwurtl-piodiid tuemtot* MM* on* t*» 
tr*ctJo« pi toll micros ^^1^^^ 

tfMmlXy. Tft» C*n«Opt of donlne the ^W^T" 
aa*a# Iha coil«cth« otnomaw «nd the Wcwyrnmmc 
machinery of Mil rolcfoflori to sjptofd hart. 

SorSy Ch-mieal QM«* latooretory, Gomtii Oil-are*. 
ChArtiWrV ft fllOfOfV Okoobt 1 98& SJU46 W« 

CotmspordofKJa: Jo HanrfMlKman 

© CurfMt Btolodif Lnf ISSN tON-SBS 1 
A AW frontier of u cmcrginK chat unlaw liiiriugy 

«Ad otwmiitiy-ite exploration of natural pmduu* r«m 
previously uncultured soil midOW^Um, TV appiuach 
involve* dir«r!y *«*ine the fienomes of »1 
thill cannoi be. u have not bun, cultured *Y *«' 
UNA, cloning ir u.co cwtainole organisms saeonM 
' the iceutant dune, fnr the production of n r,w d^nuoila. 
-l-he excitement Huaoumfag tbia n«rw ««ld lie, ... the vast 
diversity of unknown ioil microflora and the chemical ctch- 
that they are tlwuftht to contain. The myology has 
been made y^ihk by advanw* in molecular hiulogy and 
eukaiyotic genomic*, which have laid the pHiihdwoft (of 
cloning ami functional enfltVEi* of the eollerrive fiflwnitt <it 
noil micmfluia. which we term the rriciagpiome of the aoil. 

Despite she face that the human iimaei often treats soil 
like riifc, polluting end degrading h, aoiL ^ arguably the 
mnsc uacful Aid valuable hibtw o:. earth. Humans have 
w*d soil for planting crops, for mining for minerals, tor 
building 00 and for discovering medicinal chemicals for 
cons, Indeed, cultured toil mirnjdiganisnia ififtitc 1) aic 
ihe mo« common souxe or * nicotics and other medicinal 
agents of any group monisms. flamwoutlcal chemist* 
and microbiologic Wife beeft cUltWin R ihe rtlwerae 
microbes of rhe sui] (Figure I) and screening ilu:... for 
antibiotic- walvicy since Salman Waksmsn dLsmvcicd«rcp- 
umyrin in the actitvemyMTBfl (Figure I) (reviewed in HIJ- 
R.,t of late, the Yield of new nuuial products from con 
■iifcrafloni hna bean poor, in pun because cultunnj! recovers 
the fiurrie organisms agpin mid a?ain, 1ft flCtlM J££??' fi " 
CKHOi?le, the- r«li*iajwcry rate for imtibioti« is W» 11 J. 



n«pUe being familiar mud useful, soil it ol« one ni the 
£U 1**™ ^ eartru The last 25 yc.rs o 
search h^ve revealed iWi caltunng . « 
upeihod to learn a lot ihnut a uny proportion of ^^e 
miuroorganism. on eaah IWJ. Many linea «f cv.drrux 
.how chat fewer chan 0.1% tif the mteroor^!^ m *n\ 

m.0 readily cultured using -™ ^ ^ft 
And, .mo* impressively, the other <*M u? ^ 
udcronom « emerging aa a world of «unnlng, "ovd 
Ccnetic d.veraity. New ^roup* of boctena h.vr hecn 
Wcnt;rted in soil <h»i . PP w to divonta ™ der.pl> f.om 
the cultured bacteria Hat C hey wuld rep™"' ™* 
phyla, or even new Ui*flntn» of lite H I- 3l ; Cim-i* of 
related to tho*e fuund thos far only in chc npen 
a^an -re sail inhabit armind the world [ 4^Y to* 
mtf ea are that a gram nf sud uught contain ^OOM 0 ^ 
5P ccie 5 of unknown ^karyotoi 18|. There ic likely lu 
further divArstty wiihin spctica, which current phyloec- 
nctic flnolysif eaiuuM rcnolvc. Because Eniomhex. RdWf 
oily, have grw r .c„ccU Uiverr.ic/ - «Jl u-.r*a *o 
hiEheat populaUn.^ of mieroheif of any habiwr lift] ^nu 
raicrobe* cnlmrcd Uum soil have revealnl ..emfindous 

chemical viiiuiiMiy cne ^ sr ma i l,nty ° ras vc! 

unknown miLniWi could well be a far ^rer source fit 
new molecule uructurefl than any hahiwi on earth. 
Tapping Inm rhi^ hourcc should he a ^rent. jmnt adven 
turc far biologiM* and chemists. 



PlflUtil 




MorpholDdiHl dhAOTtty vptasl hI iHtacoreaniamo eudured l«m aoU on 
a bioad swgciium modwrn, tiyplte **f "8"- ' 
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Eigun»S - 

Ctonine the (P^womg « ™ f j"^^ 
talriPfi n*w ptiwafs tor ih« fiyrtheaa ot 
hioMrira mokm** from nftncuiu**! atf 
rime V*"*' DNA ia ortractec 1 drf«tly 

U«nQ a rt«tn«tlfln enzyme and otoed * 
bpctonal *rtf»W ehroff w>«* (BACU 
vector wfcteh ™n cany fraginafttB tfl 
ONA to £ oo*. Th* BAG doow »m *un 
icrurtad kr bidotferi wtMty and to the 
Ewdticton of iwwl ratu>al produoto. 




Separata bacterid 



fcnlalu la 96 DNAtrogfnent* 



OulDNAwihrtstrictirtn | 
tinTyme 



CtonoDNAiritDBACvRdoi 



trBnttform F raft* 



AcL-oniiie the chemistry of microbial diversity preset an 
enridiifc but difficult challenge iik part because most or 
i1 E novel Structures »e likr.ly tu be in onanism* prcse.il 
hi low abundance in the mil. Developing methods w 
culture the enormous rtivc.sUy of soil microflora will be 
slaw and tedious and will require more kaowWff. »r Hio 
□hyaiolocy or the unknown microbes rhon is presently in 
hand. What i« nccitiEil ia a more direct, glutei and iap« 
method to xrcsBi lliC eenCtic riches of soil minora. 

We have embarked on pn effort t>» access the chemical 
divcriiry of soil lift cloning die roetagenome of the 
anil without ft»t ooUuring the microflora, treating the 
..mSMm* as a R*nomin mm. The strategy I* « r«Uin 
mct^nertiic DNA cli.^dy from ail, don* * in 



ultra into a readily culrured monism »uch w 
U and screen the clone, fcr hkilofktl *e™ty <F'.*" C 
The first hurdle is to nlntw and maintain large pi«™ oi 
DNA The preseni-dvy vector* of choice for such endeav- 
ours are the bacterial miificM chromosome (BAC) vectors, 
which were ongmully developed far clewing eukAryotie 
eenome fragment*. BACs are maintained m low copy 
number In £. tuS and can ewry DNA inseiLS as law is 
iSO kllnrnsu 1171- Although used «rr.i»nrdy for animal 
md pl...» ecnotnics, tfACfi have nnc bctn applied much u> 
rwLie.inl toiomic^ The mc^nnmc of the soil presenrs 
rhalknees or sue and complexity iimiiar » theee 
aLed with fcUkaryotic genomics, ao the BAC vecrnrs me 
appropriate tool* tor .he out. The technical dnlkn*; 
inherent in this a Pi ..aKh ia maincaimng rhr Uigc >ifc «l 
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the DNA fragments white roirwving non-DNA *o3 msicr- 
ia) thai inhibit* cloning. DNA fragments of up to 40 kilo- 
hatea have been cloned directly from aquatic envUonmenrs 
(IS] and wc rcecntry cloned fragments grater than 70 kilo- 
bases directly from soil (our unpublished observations), 

Expression of anonymous microbe gene* in the hosr cdl is 
required in order for the production and detection of new 
chemicals to be possible, Although many genes will m\t. he 
ciprcsrcd in any gjven host, such as E* many others 
will be. Our awn data show that the diversify of onr.nU 
njiod soil mkroorganiams in the phylum of Protcobacteria, 
which contains E. coih is surprisingly high, suggesting thai, 
even if expression of genes waa obtained from only Piu- 
tcobacteria, the clone bonk would provide access to fenta*. 
tic genetic diversity. The known Proceobacreria are a 
diverse group oTptokaryoUft including many that produce 
intcrcstinc natural products (Figure Z); the myxubaar"* 
arc an example of o group within the Proreohacrcria that 
was only recently recognized to produce diver*: and valu- 
able natural products [19], 

There is strong evidence that gene cxprewinn in ft w& 
will not be limited to gene* from the rtaeubnunei'ia. 
Ccnca of diverse prokaryoces, from Thtrmu! rn fiftryxc/utc 
urium % can be expressed in S. cpH by simply imioiliiejng 
the relevant cenea — no special tinkering nr engineering, 
of the DNA ia required to obtain expression [20—3571- This 
suggests that gene expression will not lie a luajm barrier 
to obtaining functional cluneu even in ft ™tt. For 
example, we constructed a BAO lihraiy in £. utK with 
DNA from RadUusartus, a Grum-pwiiive bacterium that 
is phyloflenetieally quite dlsranr frnm E. culi (die distance 
between them Is equivalent tu die distinct between 
humans and parameda). In screens fur B* mtw traits in 
the library of B. amu DNA pp the ft taii host, wc found 
that more than hah? of the Traits tested wci'c expressed in 
the library, some at quite high levels (M.R.R., S.J. lUiTeK 
R.MO- and J.H r unpublished observations), believe, 
therefore, that this ■» a nramiauig approach for cloning 
and expressing cif geuea fioun diverse organisms. More- 
over, the spectrum of gene expression might be broad 
eneri by constructing additional libraries in Strrp^ortrycis t 
BavlliLi *nd ArrLxsa. 

Some features of known btosyniftetic pathways of sec- 
ondary metabolites from bacteria make the proposal 
approach feaaiWe. Fitat, the gene* for natural-pmcluct 
bioffynthetia pathwaye are uaually clustered iu (unitary. 
om making it possible ui dune dii entire 

pathway Inco a BAC vn:mr on a contiguous piece of 
DNA. Second, fur uaiuial products that arc potentially 
nrokaryutes, aueh aa antibiotics, iho bioayntbetic 
JuHer* arc linked to penes for reaiBCance to the natural 
product, ao rJMt the orgpniem carrying the blnsynrhctic 
fn*cninery doea not die because of inhibiiimi by the 



eaprtsKftcd piuduct [29,30], it is reasonable, therefore, to 
capctr that if a pathway for a natural product were 
expressed m E. cofi, the resistance mechanism would be 
hv well, therehy protecting the boat cell. 

Recent advances In screening for biological activity make 
duuing the metagenome and screening the resultant clones 
for n acuta! products both timely and practical. High- 
tliraugfcput screening makca it feasible to teat the 1,000,000 
clonea that are likely to be required to cover the 
inciagcriome of the rail The sensitivity of modern assays 
far hiological activity, particularly those assays conducted 
mi a uumscale, provide? a means for identifying clones that 
prttfhue or export tiny amounts of an active molecule — 
imly uioJemte expression of heterologous geneg in the hoEt 
W.fei-;nm in therefore required 137-39]. The use of E 

Iiubl cell extends the power ot this apptoach, given 
thai ft oali ia commonly used in industrial rermentation, so 
Huphiaucaced method* that iacilicote batch production, sep- 
MiYirinna, aa well aa eWfweream processinc are well ertab- 
lislinJ. This mcana that many of cho development stages 
for commercial production of uqotui products have already 
been carried cm before the genes are clonad, offertng an 
advantage over natural products derived directly frexn 
4 wild' orEaniamfl thai might be difficult to &me fbr indus- 
trial purposes. The mMhodo developed for the discovery of 
new natural product synthesis pathways from aoll microor* 
g«ii9ms can, in Jhe future, be applied do other habitats, 
such aa the microflura of insect* or marine animals, which 
arc thoveni to be a good eource of novcJ compounds bur am 
often difficul t to cul cure [40]. 

Will the genetic diversity contained io the tuil 
metagenome reveoi a .new level of chemical diversiiy in 
the encoded natural products^ Experience suggews ilmf ii 
will, For «itflrnple» marine organisms began ro be interwely 
examined for natural produces rougNy 25 yeans Hgo, »ud 
the result was the identification of an Impress nr. number 
of dramaticolly new compounds in a remarkably short time 
[41 1, Although the question of rhr. chemical diveisiry of 
the soil metagenome mighc soil be upen, we shouldn't 
have m wait long for an answer. 

The enormous pacenrfal nf siiil uiiciobial resources can 
only be tapped through dtt combined efforts of chemiaui 
and binlngisui. Buili clLcmistry and biology have powerful 
■auA mnovarivc techniques to bring to bear on che problem, 
and Jic crosj-fertiliiaaon provided by jointly exploring the 
sail metagenome will, we hope drive even greater Innova- 
tion. Of course! auch allianoec whT require ^ new tnn'Jia- 
niams of funding along «dth app/opriarr. training iu uuiiutc 
co lb bo radon i across aatliiiun«il disciplinary divides. Bye 
the lively diacovericK — buth iu fundamental knowledge 
hiuJ in tr:nns nf therapeutically useful moUOUlea — call fbr 
ile luaJid fomucion of such aliianeea, which ahould provide 
exhilarating experiences tor alJ involved. 



PAGE 23156 * RCVD AT 6/2112005 5:23:14 PM [Eastern Daylight Time] ' SVR:USPTO-EFXRF-1/29 " DNIS:2730855 * CSID: * DURATION (mm-ss):2446 



JUN 21 2005 16:38 FR 



TO 2878981571273085 P. 24/56 



Croaetaik Accosting me eanette content of unoilhjred so3 orgmlarru Hard abmui el al 8246 



AduiDwtodsMntntA 

Tula wo* wto ftifiported by Ariad Ritrflfccauticala and the Notional inrtt- 
hjtaaorHetlh. 

1 . Zeehnw, 1 1 A Hodlpf. TP. (1 8BD). RFty jwj gf intmicroblBta: poet 
paripoctrnRj *nd fwlw (r«nds. In 77)6 Mmd tar Neu/ Antibiotic*: 
ftxwttto H^n/s FbTMEid fttryThird Symfvwiiwn of the Society tor 
General MlrrefaiftJfxjy. raj*. bJiglind. UK. (Hunt*, PA, Dart* G.K. A 
Kl'Wl, N.J., edfcj, pa. 6744, Cambridge UrMraHy Praao, 
Cbmtwta*, UK. 

H Anunn, RJ., Ludwfe, W, S $chh»V, K.-I I. ( 1 9M1 , Phytoumtrtiu 

iekfttifioatign md in whf dfttftClion Of [iidrmJuul jniurofand mUn wMinirt 

ctAurinft, Mfcrobijt for. H, 14>1o*. 
1 DuLniy. E-F- (IQPlJX Amhrnti In antral matin* anvtonffltnta. h'/oc. 

flWf Jean*. Set USA M, Sctftj-btiay, 
d, Gkw&nnani, tfrtecfcgi, T.*, Mop*, OL Afield. Kid U9SQ}, 

Uambo dtarafy h Sv^uft 3o« bidorispbnktort. Nif** 34& 0043. 
S. Paw, N.R. (1 «9Q). Now cuMiirt vn I In mbJimI mnmbisl world: 

ntdevvka mi^iUmI vuvluQy, ASM tows 02, 463-47(1 

Ctoirap.wr&aiirift nr e Yet(w*ton» not spring miefobiai oortwnuwty by 
«* rHNA Eoquoncw- ^ Mw/irtw/, 49, 1370-1004. 

7. Wtrd. OU, WoBcr, ft. 4 Bftteaon, MIA (1*00), 109 rflNA hwikw 

AWwtfJ45,0fKC. 

0. Toratik, V* Guktuayr, J. A Qaw, "J . ( | B80). High dtoraity in UNA W 
nul bxrinrin. Ap/ii ^/rvimn Mferoftfef oft, YV2-7V7. 

fl. Tnwtft. V, rtnfcMjfl, J.. Dui, FJ_. Sptwun, K,, MiohoJoon, J. « SbMq, 
K. < l«*4>. Ufli ci PNA araijnts to oMgrminc the afvcrMy of m^cbiil 
communltiM, m Soyon4 rn« (Rib, tC, Qkjhtan, J, & Qfflai, 

K.E., od*), pp. awe, J*hn Wl»v A **w> Owrmtar. 

10. Tgrfvik, V, Serhfti* 1, R. & GWtusyr. J. (l Bflfl). Thiol faacurM dwtfy 
■1 wl end jwdimard commiftfttai-a mvinw. >. //kA/sIt Wcrabiot. 17, 
1 70-1 7a 

1 1 . fcwTwmin, J., af £ Irpltft, E.W. (1 dM]. Mokwlv miewbitl 
dhrwBity of an iftrisiiUjmj gtf *n Wbeoriftifi ^cct Cnnoon. MtsobiuL 

ez iow ion. 

1 2. Ubtoxk W, A SUcietxuiJl, E. (1 992}. Qouiwr-f nonl grDupt of 
lha dcmuii'i B&iinriu mi ravubd by analysis Of gtowtic rnaleriBl 
iscriiftnfl fmm «n Ausrollan wrretcriaj enviionmiftt J. asaten'oi 174, 

11 Kuska, C.R, Biinc, HIJL £ Bgogh, J.a (1 00?}. p^ flrM Mnculturod 
bMteiipJ groupo from soila of thb irid ssuthwetitarti U^twj Smltffl that 
oro prtatnt ^ many goofyaphjc i^»p». Aw*. Envton, hUcrubfoL «a. 

14. Ban 1 in, Donahue, Tj., tantiflffiman, J., Rnhnm, 1? K a 

OuodJmbn, IthL f 1 697). MQlAfiUlAr phyi<iQAny ol A^ftw batn «cl. 

I fi. UfldA, T, Su^ T. & Mfltlugychi, T. {) MS), Mglpoular phvte^fWtfi 
ena^sis pi « stf fnicrafabl aommviiiy in 0 aoybun Mi Cift / Sort 
Sd. 116-121, 

1 6, Whivwt, WB. t Cafcimpa 0.O, & Wmbo; WJ. (1 Pr^ary^ec: 
(hs ynown mo)Ci^. Auc i\U// Arairi ScJ <t$A 9GI 057(MiatM. 

17. Qtuurtt, H. i 3lmnn . M. (T9B2). Cloning and lllbtft nuinlmm 0* 
MO*Morw^pt)r frogmmn or bum&n DMA id CffohomAk a»£ u»fcifi 
an IMacKv>ba««d ¥aet»t ^90. NoK Acad E<* USA 09, 0794-679?. 

i h. Stw», ^, M**, T.U W,, K.Y., Shiiuy*, I L I DtiLun* E,F. (1 ml 
Ctawtgnrotion o< unedtwrod prnkdnrult*. twofitlon and enaJy&la of a 
40 kiUiawpvr {jooooio rit^mvii liom d pfanktanlc rmriiwi nmtiamn 
J. Ditttfid 171. SSI'OOd. 

1 & ReiJtafUMt. h. A HoDb. G. ( I flfi3) Mtmr ftttondary mWabaJiico Vom 
MrmbafXaria. h Third tottuntttmnn} t&it«r*tycc an tba 9k4*c^f»looy 
itl Microbial Pntfucti: Nfa*t Hharmamfopteas Bid Aan»/^eAW 
Actilfktna. QeuMfifMMm in fnduilrmi Mbrohiol«ay SoMbVatumo &3 
(Giln. Vft. Miintwdew^ J XI, Coepir, R. & iaWtm, RH, «d».), 
.■VrtBty tor tntMtffftl MfcrabiBhiBU F^inw, VA. 

Wfl fl«t*ond ropom «§n btt U^d to trwsoiib* Ilia imfi gvnn 
from MMsonn ^n^oaM. A dbctanW. 177, loGMiBfl. 

MODS). Tha NADP AlulamilO dflhyJiugbiuraD uf ihtr L^BmharaRntfTn 
&nM^M>tft» SftQQi donna. bATttiuaplAjrdl nnnl^lii and dwortDn 
0fthe fl dltA9cnc.rtfttiMu£&/u£ Jh. 1 73' I All. 
0no.M4YaJluri. 0£. (iftfta). Clnr^nn And anuysi* of mfliwOgnnD 
9^ to^^udfjtfi ntc/joffwns xmrwmr pomoflta JL (fan. MtcfbbrQJ, 1 
1000-1103; 



'JH. Ferreym, H.ti. yonctni, KC A Viata, AM (1 093). Owing, 
character rrat io ^ and funotlonl atqantaion m Zicfyvktiii co/i ol 
oha?or&rtifS (t)rdE$U girw from th« pi atatroprtc Mihn buctirtum 
CrmioiafMJ/n bVKMcaa. 7. BAcittriu/. 1TB, 1B14-Tfl?3 

24. Pih*, M., Eibrwrrw, Pi J , Pi^iah, J. & Sfthm, H. (1WV(}), Orortiirta* 
fcnni CcfyMbBCNtsium gUiUoMtu*)- denina> maloovlar anQfyiis, and 
BOBich lgr»««n«anBusm0iaL W/an)i>*oA5gr/ 14fi h 1 207 1009. 

US. Sartor, M-fl, AlriDiotC, B., Ono, T. f Kfuwcht J. A Otmfeh; Y. (109Q). 
Mobtujtv cloning of the louB ^t^i ifl batn fropuitfu fragi/Zfi by 
function ujntMltfmentttliu" In Escherichia cot). MUfMbtoL tnvninnf 
M.10-ZC. 

2fi. fiflNIng, a A CsofMhAih, l\ (IQUfj). Mtrktubr *i»^b of the 

nnnflnftie tuccinilo d^nidation pathway in Cttotridiw Uuprttt. 

J. Stilqncl 171, 671 400. 
n Sum*, R n DpKni; An DQirmftnt a, I /or* A. UebL W, AKimIuu, K. 

(100 5 J. barrel pretQin>Ci/ liyptufi/iioi bnKyttfhMih In Ine 

hyWMllMniiiu|jlilit ttmtmoltjfjm rr.mhbp9 tMBQ X 14. A3Y&.<M0:J. 
26. AliMrunnwK?, Y., Cohen. G. A Mftrtin, J.K (l WUU). KentoUIrn ^nd 

rephateffp«irt biceynowtic oiwiflc: st/uot^o, vganttirtion, rv^iotion 

and ttVfttutun, ^^y. flov. y^Arft 4C, 4C1 -40Q. 
50, Chalflf, K>F A Bnitan, CJ. {1A8G), Roaiirtuuvt. itsQulalory and 

produc4iun (ur Uie witlUotlc mcirylenamyrdn mm riiWArpri 

CMSQJ.4. t6Ba>\BB2. 

30. Dlflllflf, I.. RrfliMi. O , t-hoit. A.. & Hwptrebarp, W. (1007}. Goto 
rtnarw »r «trBptemycin btaj^nth«rw in Stnptortiyvco griosw, 
unal/si'a of a carnal ration in eluding thu mdibr rQwtanoo Qone, Mo/. 
G*n Gcrwf. 908,204 9 10. 

31 . Dooadift, 8„ Gtivar, M-Jl. MoA^iim. J.B.. dwdrunn, ft. I., A Karr I 
(I99iy. Modular in a calluji u( vanm rwinbirl tor ccmplf* polytLMido 
bioo/ntf 

32. LtirnD»kaya, N , pi ^, 4 HUtthmsan. CM. l\ UQBK Tho 
•ftrft/wnyCMi pQuevliu* dpeY intf dnrX ganaa govern CQrty ind 
lzt« steps Of dauno ruble in «r\d dOWuban bioHyntliwia. / BuutvievL 

33. Maitn, JI, A U«b, P. 1 1 909]. Orymntiart end exprBBBlan of gnntt 
iimived in IN? bbB^nthwia af BfitibJDflr.fi anri rnhor wwnrlafy 
matflbnllB*. Annn fitpt Microbiol A3, 173-20B. 

Nlfvttn, XK (1 W2}. QUstaiB of ev»t terthfi btagyntfwM of 
antibiotics; regulatory gpn*9 pnd oueworfuetfort cf ptivniiKetitMdlfc 
i //JCtu?fr. Wcrobioi. X 73 90. 
3&. Skai/fleo, Abildgurd CJJd A Nms IJ. (1967). rVgnnizaiion snd 
OKpftaboN 1 ul 11 yar» cluiler iwnhmri In iM Wo*iffith«oiB ol Via 
Lmtttintir. tmtnrJn 5. A*n/. GM, Ge^B/. 393, 6V4^BB, 
Kmine, M. & Marahial, MA (lUHtt). Dn^muoiipn of tho blMyrtftiema 
gsnes fof th* pftptidu anlibiotio gronicidift S. J. Bacterid, i70» 
1BBQ-AK74. 

37 Bofohafdt. A, Ub e H«, S.O., DJcrti. aft., OoUree, O.R. d Scftrrtber, 

G.L 4 1 907). Small inaleMjIo^war^Jem DBnatfc ael action in asochAAtin 

nwiodf<Msb «""miw of dstectlng proTEln-lganrt ritpmclion* on a 

(vyn mat* C/ram Oft* 4 r 981-4hfl. 
an. Huang, 1 A SAnmihnr, BJ . (1 w?). A y«aat 9<>««ic fryttarti f pr 

AftlAMinfj «n»R!) moJdcvdo inhibitor? of pr«t»tn-pr9tQin irttOfOfitions in 

nanodroplffta. Pr*t. foilAqotf, USA 94, 13306-10401, 
30. Y4U, AJ;, jMfcniM, RJ., WmitaoicJco, CM. & Gchrobw. 31. <1 B»7). A 

fnjflttnjricedarfpjred OMOy fonttol for dbttKting JtrTwI<nnlncul9-piQTein 

intcractior* in feib. Cfju/fi. fl*i^ 4, ftrtB-in.i 
40. Dfauima. M A Kiirin, T {l 086). Phytogonatie dw««ly (ho intfleiinQl 

fmrtflrtaf community m tna (amvta HafieulihjnMs aporolta AppL 

Env/rM. MitnbioL 19, 4«. 1 -49B, 
^1 . Nawman, DJ^ Juiwoa Omoni, J J. A AgoUi, C (1*681, Nuwl 

a<riiv$4t from marin« derived mtw «iy*niani»*. tn Ncvd Mfcmbta! 

Product fgr Modw* *nJ AyriwHum. [Dwnaln. AJ_ Samafrl. I.e.. 

I hMtorCmmti, A RDaamara. KW. cdsl tip. v:iuon3, t-tspw*r 

AtiwienJttni. 



PAGE 24/56 1 RCVD AT 6121/2005 5:23:14 PM [Eastern Daylight Time] ' SVR:USPTO-EFXRF-1/29 ' DNIS:273t)855 ' CSID: ' DURATION (mm«s):24-46 



JUN 21 .2005 16=38 FR 



TO 2878981571273085 P. 25/56 



{ViJC. Mrf, Acad. Sri. t&A 

VoL % up. MJL-oW, May WW 



Toward functional genomics in bacteria: Analysis of aene 
expre«ion in i Escherichia coll from a bacterid ^arStfSal 
chromosome library of fforfWus cerecw? 

IWrCHEL^R,RoNDOK^AHD RA J.ftAf, W . ( ROBERT M. (JOQDMAW*, ANn To HanU^WAN 
^ ^ "" U P,r ^' " tan. 1630 Hri*. ta ^Mcg^ M.^n, w. ^ 



ATTRACT Af thu fitcoy of lal^obw ojOyq tain it* era 
ormncHoUHl jtutwufo, ihxnt la in mttcuuis tee* for mo- 
kcular iihA far auafe** of * wide divenity of mi. tow™. 
«m*. Qiwni^r, bbldstcal »ii-J> of many proicarfetaTof 
^rioJtnnil nwdfc^ And fendftmentil adeufflfc inter™ h 
United b T ttc Jaek of ata^fe gen «jf rools. We report (he 
APWfedtlun or Af. bacieital ariiflcJftl thrftmteoo* (ftAXT) 
vottOr to praJwrratie Woloay as » lawful «p|,'°«* to 

!, 4 w JS? h,T,J,, ■ « BAC tuWy iu &rito- 

from awwmK pka of (lit Grlm-podr^ baeiena- 
B*Wticereua 4 Thb library provide* S.7i-ftW tfoviragi of die 
a cim>r genome, *frb *ji avenue Inaerl nbr of to Kb. To 
oetarmLiie fta extern «r heterologous txpr«$s^n of fl. « rm 
8ew* lo the library, m acrM5c4 ItforcTproaioo nfawrai £ 
**kum tctlfitKs in Oik E eaU bnif. Clow ttpfessU* of 10 
fteiivide* r*i»d were idttdned In fee library, b.nirfr, a»p|. 
cMhai reafetuoet, wktermi^, A nrabtauc*. teal* hydro^ 
heueiyafv, nnnge fUptrat production, a o4 ku4fcioasc acb> 
ity. We nulyicd selected BAC dnnej ptittfcilly to Identify 
rapidly apedfle A loeL tnts* rtsuhs suaatai tina RAC 
Libraries will provide it powerful *r»p«iich for ou*>|ng « w 
cfttfrcaslatt fruM dlvrrse prokaryoCcs* 



The nuswiw accumulation, of profcaiyuLL DMA sequences 
Ineiuding aft increatir^ number of complete gefcomc a* 
qiinm. is revoluaonizi^ the practice £Dd putcnilal of mi- 
croCIoloftjf. UuvcjL fteudic tfchjolquec, such u choco dovcJ- 
Qp»l Cur &irtteritfu4 ctU, Salmonella eyphimivium, ^ n i| Bocti* 
rtcr Aj^oiu, ore nq locgcf yol^ powerful woods for «ac 
mvcitigaiirtn of ptifi expr^awn and furjctJoo in hacrftrW 
sytunu. Uecuisc toolfi foi genetic ana^flii of muty djo- 
kuyojes ajc lacking ua fire int«K*t«l In the d&vdopmtni nf 
nnoadly appiuahl* pyite«, 4 f or the bWttffpf km of Ui* biology 
of div^jc praJtar yti« ^. ApronmiBft l«biw!o*ty om^giua rrum 
gmomitt is tfce ability to itivcitfiaic rapfdly rhft biqtogical 
lenturci Of any oifttaian nf rhole*, wiinout prior dw^opracnt 
ufa speclClr.gfnebc^tom for<h4i orianiaii. Knrr-wMtacrlb* 
mt ippUt4 Eton of o powerful mtrf in geoomie leohnolflty, th& 
tiSrtcnaL riruHcnl <tcorao«omo (HAC), tg ilw atudy nlBartlb* 
c«ia, a bacterium fcjr whkli duucal genctk tools ar» ool 
avajlavL^s 

TnftBAX'ueciot^ttodan thoiiajiiFfMrJor.waiCevslopKl 
ror ctoryog bi^e fin^rir^ts of etiJraryetie UNA in£: loA; Ml 
□ AC A rr^Olcaie ai ft copy number of 0fi6 tu iwu per cell stid are 
rtiaiaraiflad very at*btv ^ ihc crU RAC pistmide oaft bt 
uoIatKl wuti^y frmn cbromotomit DNA Md purine in ,»ffl, 

^MtJv 1 ! aa * Wl ** Ul ^I""* 1 "* proper^ 
«para« dao< from otter etomiifi voctore such as jkjw 

The pimiirt H«D «pdif D ( ibu Mtido we & UdV^ai tn rvrr oy p=m Mikm 
»r/«rd^ u,fch IB UB.C J17M cofciy "^^ ^ m 



WtifwjjJ chuomoaa.ue « nd co«nW« , which also Way auf fw ftuni 
u^alijjty Hnd chimera probiwns (1, 2). 

BAC library gf tciLumia ni^A from minurond pt^t, 
japnal and ftingal species Have bftoq comtructotJ ..nd are 
hpr^jng^pwfflFfcd approach in irvmy Iarge-ceak c^qucQc- 
mR proiMls (J-.5). Mnlw;ular tecftniqu^ developed wtti BAC 
tdmyf. ujy incttufc motlioOs for ttUrgduclion of rqporr fr gene; 
into rflammai^ iygcim, « t<Ziw mmpleraetrtaUon of muti- 
^ aj;d <a and in vitro "retrofiniaB^ protocol u. «Jd 
new ^it^iire «iem«Qis (o BAC plaamij* (fils). 

40 data, BAG twluwlgjjy hn baaa appijed a Umitcd way 
to i pi-dk«ryoie aenomioi (10, 11). Wa bolfcvo it descry mucb 
wtdex appreciotioa, Ijcceuk ii uffen li^olfToant advaoiaas for 
doaing and doalyaii nf prokaryotk genomes. BAOs can hr. 
used eo clone complex tocu such as biosynchedc Mthwaw 
teerafwn Oyltcms, or patli^alriity UlJdda, tweauoe ttlt aver 
m insert «m o£ a BAC dona is dually ajeai^j than 1<W kb 
and becaw tb« genca tor mfc? bectcriiirpatiiwayt ara clus 
tered in the gftiKjinc. flecausc- BAC insans nre larfie, a rela- 
Uvciy sm^ll number of ckxaw is required to pr*iv^c camplcta 
cowrafla pf a bwtecial gcnonie, ralnJmi2Ln a the amouit of 
work iequ.™,l (n jcreeti a BAC library fox complex funcrrnns 
or to eorutnict a miaimum overlap library. Most sianibcantly 
tod ia eoDfra* t to eukaryorfc BaC librarte, ^ow^pra^. 
pum hwifeWfll BaC hbrarie* can bcdctcctcd k. (hr hostsffain, 
thw provi4wa a surrogate system for the analyai) of contain 

Efei^T C Wl ? ""^^ 4if ? eult 10 «*>fri04fc oi even 
uncJtlnjred profcifyotea from eiivuViunicntat iamp!e S , -i-bere- 
lore, baetenal DAC libraries «n serve tg archive DNA fot 
aeuumKK pnrposea and, cgueurrouly. can be u»rc! i 0 analj'% 
gene eiejiraaaao, a firai step in funrijunai genomtca anarWia 
To te$t the tqijilir^bijjty of HaOs to tacatudy of batlciiat 
fciimicmal Bfnjniws, we coti*tructed a SAC library in * 
from genomie DNA of toe Gram-pcaitiw bactarium ^. <«™ 
we surccriBd library Tot char<wter«tic Ik o>sw Mrmtte 
«pr Hsed i d jr. i^t Qod f ^port tlut « aBQfflcaa: number of auch 

th-( RAft provjite a. uoctul technique tir hcierologriui V 
prcsaion and fuaeboaal Kwumo fa rire»kxryo<es. 

RtA11filUAt5 AND METHODS 
BaderLiI Rlrnim ana PAuibmic UoeiA «^(m bUni/i I 

Zrlt 1 ^^^ E ' ^ boat 

«r am for toe iJAC UWar y. and ih* BaC ueoor pBaloBACl t 
were obtaiocd fmrn H. Shiauya (I, 3). 

PwparetiondfHlfihMeleettlar W^rA/ f>NA from a 
Hljh aMjeculi/ utujjli/ HNA wn prepared bv « modifj«iiit« 

were harveated by ccnrrtnigatioo !yid uuahad onae la 1 %ol of 
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64*2 Microbiology: tauten * erf. 

buffer A (50 mMTO-HU, pH ltO/1 M NaU). a sample w*i 
f axei lu deLennins tell dfcuslcy, and the remaipjnft culture WW 
stored a& acell pellet it - 20TC. Tor pellar was remspanded to 
a final ooaixdur&tion of 2 * KP oallc p*r mJ xr\ix*d with an 
equal volume of muli^a, ReaPlA*iuefiTG agarose (VhiC), 
pipetted into plug molds, and allowed io cool. TV rem) ting 
□lugb wcte incubated for 24 h at 37*C In 1 vol Of buffer B fiO 
mM TriS-Hd, pK flrt/inrt mfct EDTA, pH B.0/100 mM 
Ho.a/0-2% sodium o*o*yehoiaWlJ.V& '20 cetyi ttfcer fBrfj- 
58)/0.5tt £-Uurytsareoemo] With 5 mg/ml lywzymo aodad. 
The plugs were cransfrcml 'o ?• vol «>f hiiffbi C (5fl uiM 
Tf ta-KO, pH 84J/5U0 mM fcXTlA, pH S-O/lOO mM NaCI/OJ^ 
frlaiirylaaroosme/0,2 ma/iill ptotcinase K) and iivcab*w4 for 
24 h ii iO*C ItiU step was repeated Ortee. Plugs ware washed 
extensively with T£ (10 mM TVis/1 mM EDTA, pH 
followed by inactlvation of ^jtr^kim K uiltli PMSR Plugs 
wOT a to red Bl 4"C Jn IU mM 'inptfCI, pH ft.Q/50 mM BDTA, 
pH fiA 

Dignbca if if, «iwr UNA t* Site and Isolation or ^t»d 
Frfl0NAnt9. Partial tfotaTII digestion was used to popart large 
fragments of DNA from l ha [iliifci- A&amst plugs first were 
incubatac* m two change* of 1 ml af TB per ptug tor i b ii room 
temperate to remove dforagc buffcr compotKnt*. Partial 
dilution by llmfTlflg His 2 '' cnficentrBlinn was performed is 
described Eft ret "Hi a plufp ware loaded onto a 1% 
SsaPtaoue agaiofie get and the DNA wu eixe-frictionalcd by 
pubed afield gel eleecrophornft. Gel sLccb cant"imng ONA rif 
the appropriate size were out oat nod digested withGBLu* 
(Eplcenlne TcchnnfaigiBi, Madison, Wt) before Ligation, Sep* 
a ration condition! were varied to optimize rcmovaJ cf DNA 
fragment*! smaller than 100 kb. 

Preparation of BAC Vector, Ligation, and TrxMRjrrnaUtin, 
Protocols for library construction wore taken from Die URL 
htl{r//www,trecxalt£di,cihj witb the following modifications 
Alter me plasmid pBetoBtacll was ourlffrd with \ht Ot^gen 
Humid M w Kit, it was purified Autiwr by LiQ precipitation, 
Rtov: ur^trtiuii, Mini (itilycihyleiie gUpcot. precipitation, as 
detfljed in ra(> L5- Ftrklly» (he gasmld im treared wlin 
PlasjllidSafc DNasa- (Cp»»ntr« TcehtLOlogica) a« recom- 
m^ndMl hy rhu mannflcrujcr. Plasmld DM A (tO m) wia 
djgfldMt wttti WwClU and depbOfiphorylaled witb Hit Phoi- 
t*luu*t (CpiccAltc Tcchnoto$L«). followed by phenol/ 
chloroform exiraaJop and edianolpreclpUHtioji. F if^riuav^nrj 
traastomationa wcro performed aa described in U16 aoova 
wnil^rwil TrRL. One mlLm liter of ligation mix woa umh} tu 
trirjcform Ot competeat c*U* ^ ^ctroporatuOdi 

witli a Dio-Rad CoDcTMlACr WJtnimcal- fiamplcg of 100 id 
wave iprfiid on ua places contiinlns t ? - *< i.hlumni. 
phetkicoli 15 pfi^mi ioopropyi ^ r> uno^Jactopyranofiioe, and 

After 36 h at 37^, wftlT* rolorili-s wrv. pkk«1 for ftirrhw 
aaalytib. 

PbiAtnkl Pi*pajAlinn of BAC DNA* DNA wai isolated ao 
diserit>cd (n ref. IX, with modlfleaiion. Cells from an cwr r . 
□igbt culture f 1.5 ml) were ecntrifuflcd in a LJt-ml microcen 
trffiigA mbft find r«u5pcndcd in 1 0(1 jduf resuapensloji vclutit>ti 
(70 mM glucose/ L0 mM HDX'A/10 tnM Tn^O, pH 8J0). 
Pruhly prepared 0-2 M KaOH/t^ SD$ (200 ^) was added 
and the guspcoston vtn nriz»l by uavrraign t;f ihc uih& After 
a b-cnia lncilOAUOn fit taom temparauue, ISO of 7.5 M 
ajumonjuoi aoatatt and 150 ^-1 of ^hloiofbcui Witt adc^d and 
mixed by invertian of the ttibr. Tb^vimpJc^ w«rr. iDCAihai td fnr 
10 min on lq6 or>d than flatjlrifug«d at 1*1,000 rpiD for 10 rain 
in ait Eirpcudorf ntadcl 5 +150 inxawcrurinige. The supomft- 
fluid wis added U) 20o fd of 30% polj>«hylrj;c glyntT 
M KbGI > mrtod irtuarttcn, and ineubatad on k» for 
L5 nuii. PiwtAtdlcd BACDNA was collected by ctrttrtf na- 
tion for 10 muv all of the remaining liquid was removed fiuoi 
thi tuba, and the pallet wai rceUBpe&dea m 2$ fti 0< sterile 
water, On*- fifth of tKt *i cnp[t wu tuad per restriction dixett. 



foe Nad. Acad. SCl USA 96 {VJW) 

ptgeis were milyiwt l>y fuiWHril j^sl dectroiihoiVAU on a 
fbarmaeva UenaN'avigatar using hexagdaaJ elecirodec, with 
lha Muwiiiit yatatuctcci 1% JtaKom aftarosc fid <FMC); 
linear pulse litnft tafnP from 1 rn 1.1 1; tX-n ran lima; \t& V. 

Activity Scruns. Media for teeting «ceulin hydrolyeta, leo*- 
ibin«5r- iiriiviiy, >d ariii l^drr/tyitifij oaflciit hydralysu, and lipase 
aoUvjtywere as described (W). AmpWUlftresluancr was Kstcd 
on U3 platen cont&idtaftio p-A/"! sodium omptcUUtt- HeoiO' 
lytic. flrcMty was determined an Bhecp/ve&l bWl agar tflalCS 
preparad by (M WiaoOrtSln State Hygiene Laboratory, .imrf/?- 
contdniai «ioned were identified by colony hybridis^uon apd 
cotJ^rmcd to be znattermidD A -mini unl iiy imljul tthealc a»ay 
(17). 

A-TnjaJiaA MutageneaiA. MitUgeueaU was performed « 
daficrioed (IS, 19). Uid4ogzrjtiunic^pfc)5? d'U-s were Inferted 
witb k-TnphcA at a ratio of Ul, irucubaCOd for 2 h at 28"C and 
then plated on LB pbtrs with colur^mphtinit^il 12.^ 
(*R/mI) and kanatnyein (Km, so fi«/ml}, Colowe* were pooled 

rty[ plAAmid DNA wav prepared TiOill lb a poob dtttofod 
above. One microliter of pUimtd DNA was us«d for traitor* 
matiortof DHiOB by doctroporaligri. Cm 11 Km 1 * colonies wAre 
selected and Ih^n implicated (it infTlcAtiir mallmu Id Ncreeo fni 
the Iocs of ftlJiction pha«Otype. 

MinMit/^Kan Hutageuesls. We transformed pLOFKrn 
(20) by clfardpamion inro ^nmnejpjti oftlls of strains con- 
taining the BAC of int*r«t, Cm* Kin* tranfiformanta wcra 
> delicti, pooled, and proceued as described above for 
rnutama, 

Sequencing. DAC DNA for *k^C4>cwr was prepared by 
using rbft-Olagftn PU*rotri Midi kit, ftilkiwing the prutucnlfur 
BAOg as epeeitfad by the manufacturer. The noil pellet was 
au&[iended in t ml of stedle water, prociptf&Ged vidi 2 vol of 
cihanol, and r^u&pettded In 73 fd of 10 mVt Trlj'Cl, pH B 0 
Sequttncirift reactiocla were rtci farmed with Z p£ of UNA and 
1(1 pmal d< primer, using BigDye rcactiuu mix (PeiKiu— 
Elmer), Reaction products were purified with MLcroSpinPrtpS 
(rharmacU) or with Ceatri£cp eotuintu (Prinoeion Sepora 
lions, Adotphii. W) .Vituftnifrig reaaion* were ion on au 
Applied BLdsyttems 3W saquaoear at the Univeraity of Wit- 
tonilil Sitiitftiuotagy Qt\\tu\ Standard T7 and SP6 piirne» 
(Pronvg^i wffrf. nvil in generau end ser[ucnce, and pfuiA 
prirnercwere^i (S^AA'^A^^C;C><^TCiA)ti<JA'J<XXx;- 
V) (11) Jiittl (V-TAGOACGTCACATGGAAGTCA* 
<jATC3'K^I), 

Uout Groupiut Denature^ miniprep DNA f2 fd) of each 
BAC dcr>r. ivai^ sporr^d ro x rylnn membrane (h^agnagFaph; 
MiorOn SaparatiOAC) previously war with water and (heri witb 
7.X (1 ^ M itniiuin ctiloi-ide/30 mM lodluni citrato. p[1 7), 
Membranes ware Kept wet white spotting the DMA by placing 
thorn oa filter pap*f eoafced with 2X KSC UNA wa* 
crnvdmlced rn the membrane by using a SliatalimVcz* Tbe 700- 
and VKJU-W? tragmente wera generated by Noil digrstion at fl 
ttrtuJ ehiomoaomal DMA anrl separated by puUe field ftel 
rlectrophorcsi* lining ^ .^x THR luffa rimdified to contain 
only 0.1 x EDTA. Kup paramatera waia ll*C for 13 h at 70-s 
pulw- Ume aod then 11 b at 12(H pulse time. The pet wa> 
ttiined briefly wirh elhtrilnm hmmide, and gel slicca were cut 
out. After dlajy&is in startle, d lionized water to remove e*ceu 
ellidituu bromidci the DNA wa» labeled In am by using tbe 
Genius Kit (Eocbruigcr Mannhr im), ac^urrJing the pniu>i;ul 
for in-j|cl labeling from the KMC catalog- Hybridizations were 
dnne according lu the pi utuwol for MogJiagr&ph membrane^. 

RESULTS 

Co £ti true (ion ore B. ctnui BAC Ubmry. Tbe BAC lihrary 
eonaistfl of 323 ekroca, eont^taing aaproximatety 30 Mb of JJ. 
ctfrcuJ DNA. Wcwtf mated theaice erf the UW85 gcoome at 5.5 
Mb, bnmi on Moti anrl .Sffl dfgeats (datM noC shuwa), wi (iiii 
b»i«, our library reprecantt a a. Va^otd coverage of thr 
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Fbi. I *J*r liixirifautfun erf BAG daw. Insert anc tuoq astimawd 
by difleitiee oi the pbmnicfei with Mtd, fallowed by uufysu of 
digestion pradaeu by puto-flcW gpl dBctTApliataii. 

KPJK)iW«.ThBrai^otii^tBi7MisEi^40iDgreBtwrh«n 1.7* 
kh (Fig. l).Th.cavatgCi iaaert size wil 98 kb. Greater them half 
(216 dune*} of the BAC done* ennrain insert DNA iieatei: 
ilun AO kb in aSC, We estimate Chit ft* probably of the 
library containing any p*r(fcuUr gene is 99.7* (23). 

Numerous molecular technique*, finch « eoitfig buiMhig, 
^nd-S^quancc analysis, hybiidizatioa« and elcne pooling, hav« 
baa* applied successfully to BAC tfljrartea Ebr rapid idertUfl- 
caticii of a don* of Interest, pbysuoal mapping, and compax- 
ativi cuiomics <24, 25). Wr Mwiiified a set of DAC dowa *tt 
hybridirioR » * aing^ genomic Ms/I fragment from A c*nm 
ffclng £ TfltJ-kb Null fragment aa a probc^ we identified 27 
ciorw that hybridized to This fragment (Fig. l\ These dooes 
contain nppHJWTiatelv 3,060 1* of ON A, tepreientinfi4.e-foJrf 
covers ihK fragrant* Tbc fragment roproccnW 
12.796 of the genome, &od the done* identified niruxin 10.4ft 
□f the DNA id lilt Ifocary, iodicMin* that the gpacmifc DNA 
tn thu rragmem is riff rmenicd pmpuniuoatcrjr in the library. 
W< el*} p*ebtd hv usiM * fragment and found L4 

dmn thai hyl»iiiittd to ihta fragment (lata. aonbOWd). Thie 
rcpTea&nJa a 'J.7-ftjld coverage of the togaf-m- Tmv< done* 
cunluiu 896 of (be DNA in the library, although the ijwgm<mc 
itprwenti L69£ of the gpnarne, Thu section uf llx* getwue 
therefore «V4y ba utuforrepreaented in (he library. 
IMtrnttil of a* Aiuiegaic ISxftrulien ¥ectoR for 

AnAfyvU orPromTyatifl Gene* . We ESrinmH ihr./TrJLiir.iiCj i>r 

isiioe*pre$aion in the Library by teating U tor aiejly dereeuble 
* ww.r aotviTlra. The BAC UUmiy *M replicated by UAia* 
48-p*e^rapJicawr* to various media to rcsr fnrrhcetrirexutin 
i»T A utftiiia activated in & Of nine octiviifac (ftttftd by tta 
use o< specific indicator roilF*, «i f*mnd in Uic libraty 
(Table I). AflditiOnjUJy, zwitCArmicin A-0tti«iaru clones wecr 
identified by h^bidb^t»a |q a £w«A<eQfltainuift; pfobt 4nd 
cootirmed to be reSiSttnf ryradbl tUrealrasKay (E A. fltuhl And 
ML, uripubLbfecd remits) Ib all cam ln« MAC clones wfire 
Isolated from puiaJlvc |mriittw cafctiica and (tlrttraformcd 
Into DM1UB, and the actfvicy was Cound to be BAC-asKKiatcd. 
This ccpitaeafe a viacfu! fr^iricy 0/ delation, COtUidering 
tbit a number pf th£ acdi/lri/'S iftscad farncpramtcxUfrxlluUi 
huteliofla; which m^y be late wall nxprased Id fl Ontxujj egativib 
nr^ui i.Mn, And htcAiuft the exr^euien and. protein, export 
machinery ol A £<nrur and £ ori arc Likr-Ly lo have niuiieroua 
diffcienifia. 

Cenellc Analysis of BAC Clwit>, IdcmifKiittvn <* Ucl 
[avulrad UL tkmeb^e r EearUa Hydrolffls, ia«I Orange Pi«- 
Hcnt IVaeXictieav Once a BAC elope axpntting A parUcuUr 
activity is i*il»tetl, method! fot rapid iderUl&etiOA ol the leeufl 
re&pOttaibU (oc tbe activity will eontxibutc <n fiinrJicinal titd 
phyaical analyftb. We tested tbe pooaUoihl^ UVit tranapoaon 
nun a^Bneslfl, aunbincd with diiect atqitenang of DACit eould 




Fca. 1 Hybrid rmlrn qf BAC ^tm(=* wlili a ictujiatc Moii luz- 
neiiL A. 7UU-WJ g«nQnicNcul crigraem from m*ln ( fWK5 ilviI (i ^ 
pcibci Wot fiooJAirueg UNA tram all IBwjCeloeei wldi Ins^i; grrjuxr 
dun&OkJa incite. Thcac daiuy (total, W6J erowfl* Moid coveiige et 
(he EffiMfc and can be jatttttd on. one Mot 

provide Ihfe flpproryrlfitn Infr rrrnaLiiin npifUy. Tt^uaposoti mu- 
tantawece ix4atcd fore hemolv^n-produclDg dona (BACB61; 
4T>ldi insert), an evrulia-hyilrnty/iiig bLrne (DACD9-4; 80-16 
itwO. and *e onmse p«meni proeiaemg don* fbACBi42; 
LJtS-kb itlV.rr) These muiantawerc gcueialcdby U)fcctii^with 
lambda phtt^a aantaining tfae 'Ity4e4 nurker or by rtvrro- 
pnr^rtiiii with it .tiuude ptaunid coatainint e mifli-Ttoi^ Km 
UMWpOaon. l"nese methods for phurald muugencslir «rif. 
iuuxcufful in l11 cases. Tli?lauM<^nlainiiv ti»tri£J!pO50n was 
identified by tequancing from the ftinipoton (nin ihe flunking 
HNA Ity wiing primcfa apceiflefor tbc cjida af the (ren«pWHL 
<*UbU 2). 

Tfao liotnotyiie aciiviJy of BACW1 likely b due 10 produe 
tion of bernatysui H (2d), becanu rmiUttlanB Jul abulia h 

Tubb l. Bcprfeieiea <if tdwam a giyitjij in B, coll 

Acxlvlry tea ted 
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Table 2. Irttmtfleanon as n. cemi* TncJ 



Ptac, Wait AcaA. SfiL USA 96 (IVM) 



number 



Activity 



Tnrupoooa 



BACBSt 

QAC8W 
0AO9I11 



YqiI(54ttov« 79 sa> 
Wyn ($J*» out iflJ ■») 
E*g (52% over 51 aa] 
LcyR (38fi uw 144 u) 

ceiR (47* it; a*) 

CuA ft W over SI «e) 
f!arV nvrr (J? ix) 

Awr-won numbers for the aeouc*mon honed Joct: YqiI, Hhli, UV4743; Baa, XW724; LwK, 

MfiflUK; GeUL* U07XUj CltA, M7M44j CatV, MW756. ftafirancae artciLtd in th* leKLHnrnology wlu« 
iodieata percent Iilflois^y. 



E bud in byOivlyub 



Ta>i*t 
MlnUTnid-Km 

TttfAuH 
TiuvW 



hemolytic ftdLvUy am fctlted in an ORf with homology to 
of another R cercits icrila (GenBkanJc accession no. 
UP4743). Before dris analysis, strain UWSS wu not known to 
tannin thia gale. lutercstinxly, mutations in the BAC clone 
that confer eeduced but detectable Lewis of hemolytic activity 
also were isolated. Kntottioas producing this Activity were ia 
one of two OPFs: us OBJ? homologous to B. sutdlii cell wall 
amidases (27) or on <JKF encoding an S layer homology motif 
(28. 29). Rftitrfcliun enzyme iLjosruija anaJyiua (out Nhuwn) 
indicated thai the tvw loa were Luted da&efy on HACH61, 
sugfcttioc ft powblo functional or tr*A*ctiptian&l linkage. 
Purdw-i inirysis of ±is tocin Is required to understand [is 
structure and contribution to hemolytic activity. 

T*\) iiufcpftirftHitltf lauliftcd nmt&isum uf &ACB94, which 
confers the ability to hydralyze esculin an £. tfotf, were found 
to be in an G RFwitH homology to thcE sufxdis protein UvR. 
LkvR k a |iMipfcriji(i'.wi fad^r xe&ulalmu expression of the 
levanase optrtM (30) • It is likely that thtft is a p-glueosidasa 
utilization, operant present on HACB94 that is regulated by the 
ij-.vft ftowniog, w^ftrrlrg eacuitn hyitrotysfe activity, other 
genes similar cafeuR *» pocrulated to ce^ubtc acnee involved 
in oellobio» utilization [celR hem B. steaniih&tnjfyhihix (31 )] 
or p-gluc aside Ulilbailan [arbC otErwvua ckiysoAttusmi (32]]. 
An alternative dp Una i kin is that the UvR homolog fbrtu- 
iliiualy idivatEB Uik cryptic /i^f optmn In F. ^oU. t bwJi i v. I auR. 
has homology to figlQ, tM atuitermuwwt prokin ttut f«*u 
latca bjf cacprcusion (33). Those hypollieau naw can bf. UttimJ 
ucperimenuUiy. 

T*0 io4ep£tt4fint|y ^ol«c4 transptfjoa muUnta T^rc id«v 
liHcd thai disrupted pigment pmductlnn In RACR]4\ i^. 
oro^££ ptgrtiftRt-produtiing BA<- doo& Uoth ot thwa 
jMtttlft dbtupted fl aktle ORF with hamobey to bactctiil 
£>u«Usr r-nzymrc (3 A . 33). Thefe proteins contain a heme 
colactOT, wfuct may 04 it6p0anmt tor t|K or^nfte cole* 0( (ho 
coloiu» CAciruly BACBI41 Allciiuilivcly, ibe nciwcficc 
fi^o« oa this BAC could disrupt or mo^iry a; coft hem* 
tiMtabolfem. Conoiatoiit with 60 latter tho» 4ppc*ui 10 

Ik mii ftRF ilurj'jly MphtrfJtrn uf Ifa.* C3talR*!t OCLP thai has 

homology to bacterial ferrocbeUtas* {data not ahownj, sax- 
xutiog (here aj*j lx dlt^Atlona 111 heme i&cUbiAbia ui (bis 
sratn. OverRipmsloa of a ftAoi/-. blosynrh^ tif. tr&ym* from jB. 
^^^uffM^kih^ m & roMiltod in. tho ooLonioa having a 

ntddidl coluc (3^^. AbcriiAiivdy.fhtrUcnuM lir.j tjrjir.dnwn- 
ar«amftot» i)^iaial^aei;«ooBACfii^UMti«tMpon«iPlA 
tpr the orange color and *n0tt OiptMsiaq U altcjvd by the- 
DcesCiLCC oC Uic UiimpoJiua although Rcqucncc Jinalysfs of rhe 
rtowrurrva m rc^ioo did not reveal any homology to known 
p«0«& 

Oaioiait: Gmpwiiyim by TWng BAC Plnsmtds. Desplic- 
inelr lirge tUe ind low cofry numiMr t c&a^uBnaiig direetiy frttn 
UAC6 is pra^icdl, at 4t£fi ahOTC-. Wc jceotfrAtttd aoquAtic^ 
infcmiAtloil at the enife uf the insert DNA Cmm (he three 
characterized BACs. HACB61. BACB94, &sd BaCHio^, by 
iiGlng ttftndird prime*? directed to vector fiOqueiWcs. This 
rttilTud uiburoVeacuss in the ideotiflc&iion of bomcj>>pjii5 
tequeacej from B, subdlit (data not shown), reflecting the fitgh 



information denaity at hecteiial gcnojtKft, TIlcao could lie 
used to Hlga a BAC to a te^uancftd g«nOaie from 3 relaxed 
bi^ctilim, if pOflribla, or to eek<t clones for cotupLete se- 
quencing. Cnmrrndirm, phcnmyplc analysts, anrl 
of lnssrt ends with vectar-d it acted primers 0( BAC Ubraricj 
from several Bacillus apeciea could piovidt a K"Kfniit; over- 
view o£ thl* group erf org&nUtne, which contain both industri- 
ally important and pathogenic apc<i«, axd would provide a 
viiluahte recnurce fnr ftirthtT genomic analysis 

DISCUSSION 

Our approach to functional genomics combinu the utility of 
BAC lihraric* tti access large, contiguntw «gmetllfl of DNA 
with the small genome size of prokaj-yottt and hetetoloftou* 
«Xpreaiion in £ coU. ThU ra«^cr results in a. broadly applicant 
approach 10 rtx study of prokaryoik biology, Oeaity, not 
mry prokoryolic species is a caodidote for whole flonom^ 
se^uedCLluj, uoi con we afford to develop genetic Loots (tir uch 
species of interest. BAC libraries offer a univeifiaJ method (o 
perform acneac, physical, and fuftetionaj analyses of a pro- 

ka<jti}4.{c^en;mt± w illicit! Ihr. mwjl (tir »n r.\ (roxjwr inwslm^n' 
in ecquenortg or soeciftc mothooe devotopra«nt. 

We predict thaC DAC Ubr&nos of IwUCfial teituuiw will yield 
fiftw tn*i£hr? into pr^fcinwiit biology, e*p«ci*Uy libraries of 
those speoics thnt^ tbu3 far. arc poony undcralOO^ BaetCxi^ 
(U*i atk uf <Mf{n itmur if UJv%irxl jnirvi-vi ttn »nlibvjtir piotfur- 
clan or ecajogittl oettaVMr, euth as B. ccrcas, may be roeojei 
twnt to (Uo uauel baUCiial JtttteUC eild ttu>iecuiat Lectinu;iitai 
Out rjtn $tiidi/ri via d KaC library appro^b, 

BAC iibrfttiee of eukaryotic xooomea rvpif*liy cootifn thov- 

£afldi of ck"*id Till* numtirr n T«*J|t|!mi Viiffirinil 

«ovet&geaf lar^a euJta/yotic^eftojnes. tnoontr&a^prouafyotic 
JT«ji0me3 t ftuch.es that of A cervut* require only a few liuudtcd 
df»nef fnr Pijnlvalwir nnvw^ge Fcvr wampl*. ite BAC librarjf 
of Myc&ta^riim tab&cuictii retired 68 BACb for a miaim&J 
overlap Lbrdi-y of fbe 4,4 'Mb genome, with one lSftAtr 
(10). Yet, me same powerful techtilfluits dmlopttd tor eu 
katyolic BACs eu be applied to proKaryotic DAC liWuits, 
( uither iiuzcaaing the uulity of these Ifhrarlex. 

Doe ox the aduantagas ot UACs a that Ihay Appear 10 
maintain hctctolfl^oua DNA more stably tlian othei cloning 
systems. This would be an advantage In clonEnj DNA from 
diverse microorgarittins and might be e^peciatry relevant wheii 
gout exiiressloi; fiOtn the douu a Jeaiied. Tlic K tuberaUaxix 
Hhrjiry has an wtang* Insert she. Of 70 fcb, and instrtr (sraer 
than 1 10 kb were not obtained (10), fodioatirift dwt thexa might 
hft spftCitt-spcciffc limketioiu to sonw qiplicatina^ nf BAC 
wchnolo^y. We did not observe (rjese problems with our 
B, ccrcua library, bocausc inserts in our library were as Ifttec u 

rthwsn rhar fllx of of The arrivEties screened for were 
detected in our hbrary^ we anvlsioe (hat diva»a ^enafi from 
Nttcrit «n bo ok nod add analyttd aucocas&illy in DACa. Wc 
haw. qoI yet determined whether this frequency of deEecciotl 
OX geoe ejipreaaida \A an average level for BAC Libraries of 
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MiccobtoUigV- Ron*" « di - 
BfDkairvotic gwnmra. A* An**« to tturt will font tbo 

riK^fewtt level* of enrartM wttuld bo c*p*ualiy impnr- 
^ w^^ht ioMty of intBW U h-.nl to **** for or 

ma ideal tool fi-n ekming and lutyw of tntirt Jf*™™ 
«iuriv»; it wis unknown vtcOiCf com* « 

iudity culmred uwrimi tW« appro** wdl **** trier* 
poWlU for tw^b Of the **** £ tgfai fafe 

it tbe o&Us tbcmsdwa CMOtf b* «Jltic*l *t fhc pcdMH tjrtlC 
(37, 3fl). 

SSfcfor pfc-flocwic mini of pwm of ^"^^"^£1 

rTnnfflt Cot i tt»r of thif rt»C>rdl fmm ft DOSUOCtO**! Wild 

ffliSfffl TO OMIMIWIAI) torn to fetkmii togjw ¥ 
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w"&"s., **** ' - QW. B - ^"Sfi* H 11 WtnSt R ' ^ 

^fSti Mowed, ^ P. tl«7) OJ^^i^ 1 ^ 

i£S! f . P, Sana. ^-J^^^^'^^i'^;?^ 

& Tikahirid, J- * (i*H> « »»• ^^i' i i*^ a H. 
Kiou C Mflnlpa, S, K, Alicnhp/wjJ. U A*"^,^ 



X 
3, 



4. 



b. 



9, 



^ ^ Mi( «5« 5455 
it. Kk^^ 

fljoiv fAiiL Sec Mwohlfll.. WalUngion, n«. . 

is. s^itek^. ^ ^ ^ «■ ^ <B> 

10. Ite^i M, d. V. & TSmpJ*. fc (J1W) / 

34. SJSfcSSi-i, C t WM«x. J. J- 

24. Xlw, it. aw*. K, iohniwr,. A K Wids. ft A A D*aiu X. A. 
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Characterization of Two Kinases Involved in Thiamine Pyrophosphate 

4-Amino-5-Hydroxymethyl-2-McthylpyiuiiidincKmdbe 

and Fyridoxul Kinase 

Joo-Haon 1'ark, Kristin Bums, tyithia Ktatfand, ami Tadhg P. WgfcjT 
ftp*** 0/ Warn*? Mb* ^ "* ,<W 

Received 29 May MOJ/Ar«|ilcd 10 00oli«20U3 

Th, IfeynAab of thiamin,: pyrnphi^te (TPF) involves 
ttte coupling 01 4 «nlno*b*l.^ahyU2 mathylpynmWiiu, 

K^i^ to form thiamin, phmp^c followed 
by n find uhoapho^ution (1). In Titian to the- dc novo 

pathwar- *or the biosyi.il.rsis of TPP (TSible 1). Thfaimnc fioro 
the crewth mwlium is cither phosphoiylated l.y thiamine ki 
nase ci uyinphoiiphoiyiflied by pyiophTOptokinuw 
li J.-H. ^rk, H. Mnri. C KWatid, J. Pc - 
tina, G- Schvnfi, A, OSTemum, widT. 1*. BcRlcy, submitted Co. 
publication). TbepyiiM-idinc and thiaaoic oowponwns liui also 
be salvaoe* ihfacojlc is phosphorated hythiii-^ Vidmc (Z.4, 
<S), HHP i» phosphniyJated to HMP-P hy bull! ThiD nn*H*jK 
0 7 10), and the phosphor*!^.™ of IlMP-P is catalyzed by 
ThiD (5, &, 7). "raw. ThiD ha* both d btoflyntheik ami A 

salvage fuocliuM Sa thiamine biosynthesis. PdiK is abk to phi*- 
phorytoie a brad tflfiRt of eiibwratcs, including HMP, pyn- 
lirwl (PL), pyridoxamiiie <FM), "id uyxidqane J, and Is a 
whatc cozymti in ihc bk^nth«ia of thiamine w ™ lh » l 
of PL phosphate (PLP). , . 

A neard. i-rf thfi flaciUw xuferifc p-norme databwe (bttp. 
/y^m J lL^.p»tCiir4r^iihtiUeVlnd C x.1, ) shows ^JJJJJ* 

aiLMhvZhu coh Thin nrwl PUaK named YjD* C^46U?u 
and ThiD (1flW9flM9007VS). 'Itwy a» hmh 27,1- 

amhio.a<*i pnitrii*. looted immediately i1«OTirtccom 

of iliu UuOSGF op«on that is uwohrrtf in TUP biosynthesis. 

while AiD is not cluttered wilii any of the thiamine or FLP 

Wosynihctic gene*. R PcbcK Mm M and 3.1% ^iw..* 

identity wkh R YjbV and itiiO r re^p^iy*. and £ 

toll ThiD allows 41 ftPd 3tf ideniliy will. ff. ^/dtf VjbV and 

ThiD, respectively. Thft tsvr.1 nC s^twncfc homotogy beiwecn 

loese two proteim is too high ta allow the prefer^ Mib^ate 

to be prwlirtcd Tor ciihir prOtBin- However, (\w occurronco Ot 

vihV 'm the thtd^te bTOByntheOc o^nm aufifcelB thuit thace 

pratBina arc mwrrecrly Himui-icd and that YjbV might ftrno 



ovcrcxprcsion of YjbV ^ TOD from A niMiAs *n I iU 

The mninA neid sequence* of £. «// ThiD add PdxK were 
OhtJ.iiiecl from the NfltiDrtAl Cenl«i for MotcchftOloRy tafar ; 
motion (http://waw.ndil nlm..iiU. C 0v/) and usedwrthi die Sul.n- 
Ltei World Wide W«h «rvcr for a BLAST search- Pi).- clowns 
«. sultfj/Lc rA/n and*/, Standard DNA. w«™Jmn endonude 
uw: diction, lifttttion, and transtormaikiu methods were uwd 
(9). Genomic UNA arid pta.ml.llWA were pan «d with 
Wizard P3U9 SV gejiomtt: DNA kit and a DNA Mlmpnsp l*ir. 
mectivcly (Plains). DNA fragmcnlfi w«e «T»" al «d ^ 
agarose gel ekcuoplwrcais, excised, and punfiwS with UlA 



1 



3 



175 
83 
62 

47.5 ' 

32 ... 



25 
16.5 



and Chcmiwil D»ly», Cmftell Unlwrshy. Tdiauu. rVY 14^4- "oni.. 
^JSlSs: r^Ptio?) 255-4137. a-maU: H «l»».«IL M h k 



6,5 "~ 

YibV Lnr*0 l, molecular mm* uiftrtKr* fin J.ilodsU»>«): ijnij 2. Hft- 

pSJllcied tw Iwvc the aonw> molwulpr mas«. thry impAtc d.IIvreniiy on 
the ytd. 
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1572 NOTES 



Eiwyinc 



PdxK 

ThiD 
ThiK 
■ltiiN 



Mi^fOCfSiinisra 



TABLE 1. Microbial thiamine- wiKaprt ^fl»ymK 



SubaTtalr 



Pradum 



Eidicridw evil 
Salm/mrJki Lyjihlmur'mnt 

Exhciichia eoU 
EiJmicftia ca£ 
fladilux xubulix 



HMP 

hmp 

1 hi amino 
Thiamine 



T1ri-P 



IIMI'-P 
HMP-P 

Tnlamlnc phosphnf- 
TPP 



2,4,6 



iu 

7 



Melnkk ct al, submitted 
Mclnlrk pt nl t MihiniiiLiL 



quick gel extraction kit (Uin#m). phTltib plaonid was ob- 
tained from NovjLG.cn. E. coii strain DH5a was us«1 as a re- 
cipient for icansformiinon during phwniil enntfructinn and fur 
pjflsmld prnpHplinn utid KiuidgiX E, cotl DL21(DE3) waa pur- 
chased from NuvagCa add used w a bout itrain for Che ovct- 
cjcprcsnon of the protcms. A Perldn Blmer GcneAmp PCR 
tfystcm i400 apparatus and Platinum Pftt HNA piilyitieia±*t; 
(Gibcu Life. Twimnlni'irs) were used fbr TCR, /?. J«W> 
CU10C5 genomic DNA was used as a template for PCR. 
Primer synthesis tind DNA sequencing were performed by ihc 
Bwresource Center at Cornell Unfveralty. Primers iinnxlnrrcl 
AMel and Xhol resrrir.rion ttnTymt sites iiL thi; J' mid 3' Cild$, 

Tor the o^crcjtprcaaion and purification of TniD and YjbV, 
their corresponding overcxpresfiion plasniidis were transformed 
into competent £ coli SI.21(DH3) cells and itw. n<n*riiimnrf 
cells were grown ai 17T! in lurfci-Beitaiii medium containing 
™ irt C i>f flmpicillin/Iitcr To induce the owrcarprilasion Of pro 
tcins, iaoprc^l^-D-diioaalnctopyranoside (fPTG) was Added 



A 



ATT 




0 * 4 6 8 10 13 *4 
tikJtJon tlmp (mfci) 



ATT 




D2 4 * ¥ JU L2 14 
£li£Joa lime OnUd 

PIC. 1 IfPLC analysis of the ThiD ira4 Yj&V alidad w actions, 
(A) Tj»jV wauled phosphorvlfltian of I IMP nnd I1MP-P. (B) ThiD 
ttinlyzKl pftnsfiTiorytufni of HMP. 



io the culture [vlu'.ti I In* optical deniiiry nm reached 0.6) 
(d HL-hievB ii IHutl concentration af 1 mM. CJuJwrc ftruwth was 
continued for 8 h at 2fFC after which the cells were harvested 
and stored at ■ WV unul further use. The proteins were pin 
rified according to n Qiagen protocol tor the purifirafinn or 
HiF.-tagged proteins, The eluted pruleiitv wkik lAfmlly desalted 
i^lnfl n PlVin mlnmn (Aiiieudiaiii Pharmacia^ bemuse of in- 
MHljility under high-salt curlCCntffttkmfi tind stored in 5% ftlyc 
orol 4t - SCC. ThiD ww soJuWc und stable in SO mM Trit 
buffer fpH B), but YibV soJutions rapidly bveame rurblci. Tlic 
recult& of todium dodecyt sulfate -poryit'rylauiiJtr. rliajm- 
pliOrWit (SDS-FAOF) wlrh i he purified (:iulLiib nit bllOvsn 3n 
Fig. I. AfOum^li ilir: mi^ ration characteristics of the purificcJ 
IJiutdift vroic different, their molecuJar wcifihta were con 
rmmud by moss spectrometry (data not shnwn}. 

The reaction rnixturos tor if, mbritui ThiD and YjbV enTj'. 
matic iiewiyn contained 1 mM ATP, i mM HMP. 7. mM Mtf\ 
mid 10 of enzyme In 100 p.1 of 50 mM T\is-Hn (jrH fl). 
Afre.r (nniirwrtiin m WC fui 10 luiu, Llio iC^^tion w» quenched 
Hie ridditinn of 100 uJ of 10^ triehloroiicoiic acid and 
cciitiifufied to ntmovc proteins A total ol^U \*l of the rexcrion 
mixture woo ftnalyzed by Infth-presRvre liquid chroraaiojjraphy 
I'HKtC) (SupelcosU LC-18-T) (13- by d.fi-mra column). Hk; 
clutiun condhJons Wi'.rr. as thUrnvs: fltiwriUe. 1 ml/iuiii. dulion 
linif. 0 lu ?fl i nits diitinh huflfcr, 100% Of 0.1 M potEWijium 
phos^iatc (pH G.6). To conduct a competition ossuy, 'LhiU wtu» 
irwuoatod with oil tour subctrates (0-3 mM concentrations ciich 
of HMH, I'l^ FMj and PN) fur 30 intn under the conditions 
described above (except that J mM ATP whs iiski! tmil the 
reaction mixture was -Aunlyrvil l»y HPI.C). 

For kintfiiu siudics, ADP produced by the kinase activity of 
ThiD or YjbV was assnyed using a pyruvate liinnce (aetata 
dchydro&enase-coupiDd intern (wnich ue»s adp and nadii 
m Eubctrateii). Ihe consumption of NADH by rhJs coupl«d 
sy&iem can be measured by moniujiio^ the Jri.:n*-iM. in ;ili^n- 
tanrc 'M 34(1 nm (7). Pyiuviilt; kinase, lactate dehydro^naAC, 
phosphoenolpyruvatc, NADfl, and PL wcio purchftiiOd from 
Sigma. IIMPwaa synth«i?ed a:; previously deecrit^d (S). "Hie 
ttusay mature tor the kinetic analysis of ThiD in rhc prri?finm 
of HMP or PL contained saturating vunwiti r» I n m\ ■ if ATP (5 
mM), .VI in 400 jiM HMP (ui 30 tu 300 M II,), 10 mM 
M£n 2J .If} mM KC1, 0.2 mM NADU, 1 mM phosphocnolpyru 
vatc, fl unit* of pyruvate kinaac/ml, and iu units of lactate 
dbhydroftenftw/ml in 0J> ml ol mM Tris-HCl (pH S). Ad- 
dition Of ThiD to achieve a finiil ixinwiilnMiuH uf 6.7 ji.M 
Inlrtairri rhn r^t:rions, wImlIi were thai ihuiuLulCc) ovci' 5 min 
for NADU consumption at 340 nm. 

IIPI/C dnolyaia of the reaction mixture containing J9. mMis 
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TABLE * ^..^ l™^23^^SjB i ™ , " irtm^UwOtoli^ tqr * 



PL 



46 .<s 



036 



YibV showed (far. appuauncc of two new peaks wvixsponding 
S A ^ ThiO *o»ed only £'^£* U " 

£c phosphorylation of HOT,* 
phcspHorvlute PL. PM, wkd PW. producing 
^ tapictr**- similar condor*, \JV <M no 

cat^ze tht: vliospfrylmion of item ""''P^**^ 
dioJii). A cordon «»* 7* ~^&^J™ 
m «*bd ft prttoc-nw for FT. toUrtwd by HMP. W and PM 
(824:1,1:1 prosier r*ius). The Kinetic parameter* r.w Ad- 
rift ThiD are btmwn In T&ble 1 The kiwifc paiiiiiWtBrs Qt A 
" A Yjl.V could not be dctenubunl, toemc to Krtoo 
T „ixta™ bc«un» turbid Immerifcuriy the «PJ 
Ov^ll cur nadu iodi™t5 din A ^ *jW to HMP/ 

"^me ImIH be changed trom YjbV n> HiiD) pnd tbptit 
wbntf* ThiD has rN/PUPMWMP Uik* ™ d 
tar. rwiimntalcd PdxK (iA, ftom ThiD to PdxK), 



NOTES U/3 
T* «^rch «» ****** by a fipul ft*. HlH (DDRM0B3). 

REFftREWKN 

ro.T.j*»r. M. UN"*"? " tSSfw* ™Su Muibicl 171*3913- 
j. xt. im Thiamin bK»vulh" n «* pwwwyow* * TC "- mi " 

til 1 J A tftnhilifla DluUiamrtT f«J 8 p"™/' ti(W Mni j w W «trliwi *r fay 

*• 5 MEw*-* * «* DKWfl ° l 

Jfcreymtftliyl a-inttbyLf/nmiliilC p(ii»i>lin» kiwi*- 

IKK^SI^ m f« *. —»«"«. «»■ 

!!lS^V& V-B Co.* ^ H-lHir. 

ifi w V (J Kb", «i M. K- wiukter. \m 1 Jwtiticuiioti oi p** : g« 
Miautriol. UU. 
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CbiZ, an amidohydrolase enzyme required for 
salvaging the coenzyme B 12 precursor cobinamide 
in archaea 



jesie D> Woodson and Jorgo C faulsntc-Somarena* 

o^mmt of mm« »ww* h**"- W ™'" 7 

BMri b, Ralph S. Wolfa. unlwcsity of dWH* i Ufb.n^a»n.p.l9n, Urwnn, 
September 15. 2003) 

preen*- dlryanor.obin.mW, <Cbl> fron, the "™'«^ -« 

quires th* function or a previously iwldwWHM ^'"^"J"? 
2r*Le that nrMTta «d«-» S y»»l>i«n*l- to ^^1'^'' 

ST. bene <<*> t^*^ of ** * "S V£e« 
MosyirtlMTtc r»ui.. The *H B«W <* the m»ihanou««* 

StOHnchia toll. unJ »• rteombmant proton , «a i !»«»*« iw 
trendy h*>[#* ardueon l/aWuctoni/m .p «.«■* NBC-1 

^pttorthBtaS • »"r . h* evolution «l two diturtci pjnhwdyj 

tor cbi HHwaghiy in orokaryotcs wo dBuiwH. 

A moot vtamm and cocruy..-*, cobami *» («*, 
Bu) ar« unique for ihelr structural com|>l«».ty. Not ju, 

m n^ity of H»«0H Q»B,,Ho»,.ltaa» h* b««P«*^ 

™™Lcked pM r..r a>c 

^otaanniioe pi), wind, I. . steblo precursor, but nnt a Uue 

In bacteria, CM ««higl"8 "MM** 
ll fi »nd S'-lsnxyadcnotJno to yield "^""WIcobiM™ " 
SdoCbi) {10 U), followed l 9 phojphory tatfoo of AdoChiu. 
Weld ArtrrfWosph&tc (AflcCbi-P), whid, .» * true tntorm^ 
distc of the dc no» hiosyntholic p«tthway ( S). ll.c «wr r»UH« 
Is « t aly«.l Iw the M»M activity of . WfUTiaK«ml A TPAdoCO 

toSitJmdh wHTi*,), which Ui cor^rt .n eob»mid» 

^ clSr'*u!'^*roSl«a require and ^ihesiweobaiBidtej 
to live Ilowsver. our underet»ndi<iE of how nrchaw salvage Cbl 

^.enca rC v«d9d the iMeoee nf oBW"***** J^S? 
b.functtooal CubU «.»ymc M>d *» rww* "tponn.l h* iden 

rificaiioa of the «co* enwdlngdic "'^^m^St 
of only the OTP:AduCbi-0DP gUBnylylttaMferakc .iM'vity in 
„n J../a (B. IV). TO the In* of our kruiwl^. *^oW been 
no rtoorni of ATP: A.UiCbi kinsuo oelivity in any MChaam. Muie 
r«m work from our lafcora.ory ^f«Mf^"£ 
straioNRC-lcim salvage Cbi. ondthutCtH wUvagln^ J™l»'™«Mt 

th» UM step of ihr. «fc <irtwo eorria rulilbioeylithcilc pathway (ZO). 
Tkac findiow woro comIkwu will, the caistenco ot an aiwrna- 
MhoSnIS^h in which AdoCbi is .*rwotwJ to 

n»g«sirt>«ifl0.iaTVn"«»-M»tM 9W1 



II, ana «Hpnw el1 Dccemoer m, iOOi (reload far fovicw 

a dcn lB .ylcobyric and (AdoCby) I* » ^ u ^. n , ;p f |* r | Q 1 ^ 
a^idolrydroUsc enzym B . Here, wc report "J * 

the ce/Z fiHiie as ih« one ^coding ll>B AduCbi wi&ytoo£* 
Tthc rt^noseoic arch»«.n **»~^ H ^£E™ ■ 
and in the RKlreuiely halopbil.c arehacon HMactenwn .|>- 

mi iii n nrc-1. 

Matcriak anil Nhrtkods 

Strain* ii«d Plaimt*. Doci iptiona of tho gwoiypCT ./ rfriuni tind 
Sk uLd in thisworK, as well *« to«W»J 
phnud conKtrocdom, .»nt» found « ^^-C 
T*te i. wl.id. are published as ■TP?'"* "^TT^tc\ 
PNAS w*b sito. A diagram nf die k Cj?!^, 
UNA included i" « he most relevant pbAUk «•» ladudtd inl » 
R. whidi is published ai supporting .rtformotwn on the PNAN 
wsb cite- 

ChewceH, Growth Modln, Growth Cndhion*. antf A«««eni jrf 

w™ hifih-PiifitV, commeifJany available eorar^undt. Wht 
aiced » «hc ™ ,r,.<m. cOftinoids v,ere pcewni ■ ji 100 pM for 

studies. All corrlnnids wci* added in Ihair cy»no f... ». AdoLD 
Wwdiubce- *Wte<l (8): (rN):Cbi and CNB,, [•■« 
known as CNCbl (cobal.mln)] were pmcnascd from Sigi.iti, 
fCN^rhi-flDP was synthesized as descriUwl (15); (UJ)-C&vw« 
iSa from P. Km (Unlvr.rsiiai-Hohcnheim, Ston^i. Ow- 
mwy); J-fluon.o.otic acidwus pureha.ed Um i Xymo taeb 
Sft CA); ano mevinolin wt* ^.rchascd from iJtf Labo- 

rti!or"oV(St. Paul) (ftJ-Uaiuino-Z-pnapahol (AP)wa* vhucd 

frum Sigi^A. 

Bacterial Strain. Used fpf Prototn owrprDductinn. 
of flat™ JW. m«W CblT pralchi wa» performed in »^ 
«/i strain BTiUX DE3)-RIL <SitrfttaflL-ne) nvcrviOiwtiOf i ot 

i. toij strain FR256C (New tvnftJand Biolabs). 

Crowd, Studl*. rulturcs of sixain, oi ^buarjium 
NRC-1 and £ rtittric* were grown ;'^«^ p ™\ \^™}\ 
modification was the; luldition of 5,t-diir.e*y\beruimiJ^o!c (J 



jnti wm iwhmlttcd dlciflly (I «ft 10 id itw f U« o«t<a. 

Deud^^Mlm^r^^port-tfiMhirp^rk^^ 
i^^r W ti D nn^fil1S79rj5Mttefo^*^^^ um.flNrxL-. OUr Vi-y^lO end 

*IOVrtOii«>nB» r JO«>«nw»r*uldb.Aoar?^-i.iw^ j^^^ «j| SJ77«JM7 
Of Wljtuioin, X" Cro^o InsHtut*. 17in iintwrslcr ftw.^ Mndiattrt, »' w 

# ?oo< by Tk< HPtiwai Aaaemy Sttetwm^' the 05^ 
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9 



is 



do nam 




MJC-< 
J OH 
AP 



cobsntd" 



M ATP 
V> AAA 



AM 




2£ wn™IiZk! nM « Ce^ ATPicodJrrmnrt adarawll.-Mte-t. 



spmrttd uulo to overlay. Mintmd V7^ n JZ 

Medium wus incubated «ci Mikity at 37 C lor 1A b. nmiu 
.eX conrtiiknis, J< 1^0 corrm rin 6 bioiyml,^ » -blocked Un 

"Lric*, hence making $ rowth ^"^X^lc^ he" 
mcdiato*. Cell growih nround the application «ln> militated inc 
present; u[ Cby in reaction mixtures. 

mJf CbW protein fmedio . p«li "^^STC 
UK was ovFerpniduwd by using plarjaid pMmCRi/.i in wt. 
^rprndiKing Strain of E *ff F.R25fi6 One mi- 

lter of aft ovembjlit culture of ths overproducing mwiii w*r- 
ryh* plrtAkL pM5ciiiZ5 in LB broil. e«.« mmg <un P ic, mo 
flOd | uB/ml) wis U«r.cl u> inoculate two M ml batches w f Huh 
^fc&iu«i were arown .t SOT. with f»^* » » 1 
density of OD m = n.-i5, at which point isopropyl-fl-u- 
thiOMlarinnyiiiiw»!dc added to n final w.ittntraLiO» of 3W 
**MTTho iflbpropyt^^VThinsHluutopyninoaidc ; containing col- 
IwA.. "i-idor the sum* conditions fni ^ ^n.l 

* h. Cells were harvested ^^TjSfj^K 
ff ut Cells were nwiisiiaidcd in 2(1 ml of 20 mM Hcpey . rfcr. 
pH T.-S^tLinfiN.CI 1 (5UU mM), HDrTA <(L1 .uM). nndTnum 
k-ion vd/von. Cell* we ft broken by two passes through 
» brench pn« m ~1.G x itf kl* by a chiUcrd l>™^ 
Cr.H hnutc was clarified by cemrltiigHiiun for 30 rain fit ib,U»" * 
if ut 1X. CblZpwi«ii. was purified on Chlt.n &cads (NftwIRiiuJuiid 

tua removed frnm lIk protci a by waking * e « WE ^J:^, ,rt 
5S huffcr oonlouilU 3U mM DTT Rir 20 h at Attcr 
purineotiM. 5 ml of the- c,./yn.c w^d.alyzed br using 

(IWcc) m rc afliiinst l llrw (1:200) of 50 mM Hepw buner, P H 

Uuffci Charts purity oltbe prut.,.. wi» ^»£%^' H £jy 
f33 j alter nalnbin wlili Qiomasic brtHiontBiue R-250 (?4). f hi^ 
piuiciu ^ .rtorcd ut -«irc m this bi.fiV.r K rLer fUh-frcczmg 
with liquKl M 2 . 

Ctrrteoid A»»lyti«, CorrlnnuU pi«em in tte faction mbiiuin 
were tkriv^li/xd to their cytiftO form by adfllng 111 ur J00 mM 
KCN urtdincubatln 6 ln ihu ligl.i ni room i tempjraturo lor 30 mtn 
SinplK were filtered by uatnfi Uoming SpinOC '^%BJ«J; 
CcrSnoids were Npannirl by uuuft a WaUrb 



uM) flnrt AP (10 mM) to the 51 tmvica indium. All iJawmflR 
ffluccd into & tnftritfl w«r C Cust p^cd through * restr.LUM.*- 
deficienx strain (21), 

ptoan^ pMrnCBlZI In the (Tvcrproducing «rain i f £. 
BL2UA OE3)-(iIL fStrutagBne). Ad uv^ight, 5^nL culture of 

?2D u^/mn The werninhf culiu.« was used to inoculate 400 ml 
KX n* o^turc w« grown „ 3«^^2 
n ^1 density of OI*» - 0.55 ut whiub poult w^tfj?* 
thiasntactDpyranadd« «a« added to O tmal cpnctsnrtaiHiii ul M) 
SfAfusi Edition of iBopropyl-^n-tbiofiabc^yfan^de, 
he culture wai Inci^aleJ und« 1»» mmc eoadluoiw f... an 
additiunnl 3 h. Ctllswcte harvested by ccntri£i«fltwn for -u mm 
□t 10.000 x ^ at 4-C by mint- ft Gcdun&n. Coulter i2*«nTnfiiBJ. 
CeUs weni reoaSpcndcd in 4 ml of 50 mM Hk|>ck buffer. pH 7.5> 
cmlTilvMUOOO roM) ,ml DTTC5 mM) - ^^"^ 
two pa»i« ilM.n-ijh a French pro** art - 1 x JO ItPn by u*mg 
:» chilled pr^surc ceil. Cc4i lyatc w„ drifted by cenrntufiatjon 
for 30 min at 1S,000 X « UL 4'C uairifi a Bec^CoulLcr Amnb 
J-25IctMi 1 1 ifufic* Solublo CKtractWAs dlalyTPil HgaiuSt 1 . ^^[^"1^ 
rQ »«ci«M buffer (1250) in a SUdaryzer (Hwrcej «fiwrti. 
(motoiUr wri^lit CWtoff Of WJJUOO) wilti two burfc, d«iy>3. As 
ncgadvo control, the imicwlurs was used to peratt 
CoU-free extrw.J rrnm eclb barborintttbe control plamuJ pT7-7. 

ta Vitro cbU Aoudnfcydiulwe Activity AsMiy. Aoopi HuiiAihydco- 
la« activity nasaVS wwe performer! in tOO-uJ volurtiMCOritfliniig 

7.^nUdinine an <S wM) nnd A^n.i mM), Unions 
wc« tonlbeMI « *TC. fu, 2 h in dim lifillt and were b™ - 
lnucthiHir.il At 65 6 C fot 20 mm. Ai fl nr.^nvc tontrol, heat 
inactivated cell free cachci *** prup^wd by incubating rhr 
extract ai Tdi 20 Aiiru When me atsay was pci r,., .ncd with 
highly purified CbiZ, the reactlom nniLauitd 150 uM ^V 01 * 
m5 ^1 u,g of Cbi/. |iitf.tein was usod ia lieu of crnrta rr.ll-fjix 

npwlun af Cby. The presence of Cby in rcaLlion mixtuves was 
t^seed by mean* or „ liioaasay. For this purpoac $ 
strnin JE824 frn^W W*C/JJ<0 rarrjii.t j.tasmid pCO^JJ 



I «y»w.vti«*rgNg^oi/\0-lD7JJpnac.»onSBiai 
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equl l« withal 

Sfri™te« i *ns 75% A/25% B* A wcond linear grn/I.e. .id 15 

t% by using a Waters pborodiode array dctttrtor. Avmenw 
(O^Cbi uSd (CN) 2 Cby wcr B used as utottdards, 

under vacuum ty «te a Savant co ^™'^^r^K 
in S ml of ddH:0, and was lw AhI uiito ».}"^ .Jj^Xc otanin 

{ ^SSSm So « of ddW and 

5 ml of mahannl. The olutcd snmpfc imdu ^""^ 

?^»cndcd ifl 1 ml a£ <WHrf>, filtered in 

dried urktor vacuum. The simp e i*™*^*" 

Ssis £ ti« MS fecllity hi th B University of Wtamsm- 

M^n Mmula fi y Center. TO ma» 

Sby U S in ? Q Broker DdinmUa (Bd ^^"fjf * 

Kpcunom&tcr. 



s 

c 

m 

| 




CI 



SSL. * * e *- ** m ^™ 6 fa ^ h £ 

M |» Enz^ne, A comparative . a««"i ■* m™*» 
identify cones that midd encode AdoUbl aml*>hyilr..l»se actw 
Sve hydrolases « conservul hypothctou prowl" 

limes flaaKina identified ORFs involved in jht Iv. » o 

oenr. (if u putative tour gen* opcrmi <"^'™thf > "f 
Srtholoce at bacterial fmitLiods W» to catalyze ot 
coenzyun- Hu synthesis (Fifi. &)- 

<ft«c»> v*i JMCfunction ********* Mf >» 

teruna. To dwnrminc urhcrhra- CbiZ w» retired fur an 1* 

A mmniou in cNP blo*l» A «oi» term nut M*™** ,n 

present in tins medium. Strom JES8I2 (4r ^ ^Z)« » »»*■ 
fnf its ubilirv to salvige d ffisna\t wrrittoidii. tlKo wwin JK>7.w 

ihcmicplly deflned medium tadtim jwndM* ' " d 

the additimi of (CN)jdsy u dwivatlzed ^0 nw« iwtbwjy n « 

medtao (Fid. Ifl restored wild-iyu* growth (F'B- M. ^ *»*^ 

ttaT- ?7 fa). Addition erf eUhsr (PIW»™p 

r« W » P«hwny irtermediaw (F.j. 1)1 or COTii * wored 

wiWiype pnwll, of both Strains W not 

S the addition of (CN^Cbi to the m? d lu m flowed 

wild-type gruwrl. of JC6738 A^) (doubli«e nme^ - 24 h). it 

J id n« support growth of Brain JF.f»12 (liefclP ^ ) 

o vs o) /KSb Jata wteblish^ a strong ootrtWlM- *» 

lou of ebiZ ruoction unci a block in Cbi alvaglng under 

conditions ili»l demnnd«d sarva»ns of this prncursui. 

to*,*. The observed btaek. lu Cbi I" 
licblP MM) corrected wh«r » 'S^wArWT 
cintroducod mw me chr..-..f«.mc. Strom fo™ 0 &™J™* 
\mS~rH7.' ) bicw in dicmically ««Hr«J " supplement*! 

yuwlim Ann eic3lantr9«>iEic |> ° 



Tinm (tl) 



Fig. *. Nutritional .Mlyte <* H >*^ u !TS?*u£lZn£Z 
ICO pM. 

with Cbi with a dtnUh't time of 22 h (Vig. », <J);. 1 "".^ 



?i B i^iti 1 ^tatt«n.Todemon Sffi ,« ! i. la ..c^ 
^TnquM tor * novo corn,, rin 8 ***** * ^ 
onthwav of strain lPiSR12 (icWf sV»^] •«« r " u " r '' ^ . 
ffine * wild-type cb* allele ln«. Lhc *™ 

JE7002 (W T ^'^>*r i^'^J 0^ S 
corrinoMs (Fig. 20. doubling tnrM - . 27 1.). « * a ^ n "~" , 

ihat cMP function «• nerawir, urf «««« » r tec0re ™' 

, B ,-2 U N.t l"voN»« 1" <fc r*W W«iyntt«. in l^hriiini. To 
deternii,..: .hefher strain JK68H (tVhfi!) ^ dd,c.cn in^ 
coNimde biosymhesb. K .c«th ww MWd ro ohe niol y 
SnedlbiHrin.e.L-uinundcrcondinonsw^.^^ 

in cfccm Wl, defined medium l*ck.ng rrflrwwuVw. 
VKrysiuiilaitolhiltolttlowild-iypesl^nUr'S-^-"^ ' 
doilblinR lima of V und 34 b. rCSpoetiVBty. 

Strain. T«. lend supp^ » ,n » con « lM, °" a "' 1 f f Z ^2 

in Cbi sulwainn in welwea. the ability of an nrCMMl c«7 S e»< 

wclplemeni ^.1 Mwindefective «™>^W* 

S p. wnm NRC-) cena Have failed to oomplcBKnl S ^ 

salt concentrations. Insteml. wofociocd \ <* u^oawhscalorrtinl.^ 
of cWZ Mm0173 ( B i 21226273)] m M. m«=« Gol. t 

suc«»*illy cx P re«;d in S. entenca (JO). The p'™<£ 

mi silvasing pa*wr,y * also expeclr.l to exiS in Af. w™^; 

because iti is predteil u. have orJlolnpl to proteins icq«»i*l for 

M l !«i („«*E205 CB wm™ «• ^ 

Or'rvfmiJaZ' function. Growth of iha *••««■» dcpl* un coi)- 
ttmide dependem nipthylaliun of homooysWinc by the o.i«...- 
£2L>>lent methionine lyaAue < Z7 >' *' * 

mvo ptrthway In s. m»*« » « rtWC c0 !" 1lrl<ins - 
jrowtii In defined medium luefcinu n""' 4 '' f - requires our 
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cqOY ^hs* 




Time (h) 



fifl. i. NutrUlwwl «n*ly»« <d 5. enrfrfpa itrtins. Cbi »Kaging-depen©*nt 
growth ct 5 entimrt o rains In chemically defined liviukl uoodlum ot 37"C W 
All strain; were d*rtva(hw ot strain JHW (rrtw-AiS cotHiMO). <fl> All slrdiio 
wtre derivative or (mctfXS wbLSKJ Mbpursj \umm am 

IncllcyTfrt th«Er yifiiutyMtt. rt«in Ids uwd wer«pT7- 7, control vector; &JOS2, 
WftLTi pCQHYIU, ccfcr^pMrnrwl, rhUT*; and |iMirtCBU2, cfciZ* coo/MR 
fill GUCI, (CN)jCbl WOJOtkicd to 1SnM. 



rinoid salvaging Mutation cobUSSO eltmlnaTOK hoili Lhe 
ATP:AduClii tinftsfc And the CTfrAdoCbi-P guanylylmmt- 
ferwe Activities and blocks ncvo corrin riny litmyn thesis And 
frti salvaging in Lliis bacterium (2B). To restore Uii* , Cbi- 
dependant fltowth <rf itraln an NTFiAiluCbi-P nucleoli- 

Oylii«tisfttri«c waa provided. For thifl purpoF.0, the M, mam 
cobY* gens was iac rod vice d Into -strain JF^?4. Plftsmid pJG52 
{puhll*) was uswi « positive control, whereos plaemid pT7-7 
wne ueed at uectowjoly, «gailvc confrul. PliuiniuS pMiuCBlZl 
(rWZ*), pMmCDIZ3. <C*6 + «ftr), or pCUHYlu («*r*) 
were introduced into strain JEB24. fttauKing^ weno grown 
acrLibbilly in medium supplemented with Cbi. Under the eon- 
drtiont used, growth depended on Cbi salvaging. Chi -depend Gilt 
£i i m I h %ah only obset YCd when Wther 5. eA\eriMct>bU 1 (hifi. ;U, 
or wjJJffi cWZ ' and were provuM im fmn\ (fig. 3/1, 
tt). TliCSC data supported the conclusion thatch function was 
required foT Cbi nuh/aging. 

CMZ Restores cbi Satoglig via a Pathway &TfWnl from Uit One 
round in BMlerU. Although CbiZ restored Cbi salving in strain 
JES24, these resulti did not shed «ny inKiglib into how Cbi was 
aalviiged. To identify the entry point ior Cbi, we wed an S. 
snteriai sirain carrying it mutton ut the t.-thrconine decarbox- 
ylase (CobD) enzyme, A Mock at this step in the pathway would, 
not affect Chi salvaging rf the entry puiul w6S AdoC»i-P, as 
expected if CobUwc functional (Via- l). If. however, Cbiwas 
convened to an earlier, iinei i»rdiMii% CnhD function would bo 
required for Cbi salvaging- 

Plasmld p!vfmr:R[Z2 lIhZ*) usiiod to restore Cbi 

salvaging in Strain JE0Wi<1 (metk'JOa cobVMO cohDJ272) (Fig. 
3B, tin? tiiniinl MiAin carrying pi Him id pJOSZ (cobU ¥ ) 
wKdficd Cbi (Fig. ^Jjf, a), Cb( salvaging by the strain carrying 
plHsmid ^)M[iiCBIZ2 Wi5 lestorcd when Ar waa added to the 
medium (Vlg, #). This ia&u\i was expenp.d htx^usc Llie 
inkluiun of AP compenaates for the lack of CobD function {V, 
29). These results were consistent with inc. ktew iluti C\n7.~ 
dependent Cbi salv&cing acscura via an jittc-rnntrvo pfltrrway that 
converts Cbi tD an inrftrmftdtnre hefi»rc AduO>i-P. 

ClM-hr«« IXUaeu Enrtdnd for Cbl* fnnuEn nn AikiCbi AwMofeydro- 

tat ActWtv. We considered tne poGSlbility thut CbiZ wav 
arrddohydroiBse. en7yTiii> thnt cunvcriciJ Clji to Cby by tc moving 



V 



r,Fe/t^naCblZ 
♦AdoCbi 




heftt 'mectivEitod 
CFfr/MmHCbiZ 
^AdoCbi 



►in 4. Bloaswy for ihc tkiKUioci fff Cby <yntfc«iind in vftru by cell-lf« 
extract of £ w/j cells wfrprn/Judng CUE protein, SItvwn ik ihe resjjpme of 
indlestw itroln JES2/1 ImetfJW cogU330) wrth pU^miH (HlQBY 10 (cabr ( ) lv 
S /U ur 1:10 dllmlOPf o* 1h» d*protcin«C€i reaction mjxturM And 5 pmol nt 
rtJPidsrrtr fimwTti nrouinJ Uieuitd of melivtion irtdkotCJ the prcsertte 0* 
Cby in th* r«2Ction miMUre. ?hrtiwn arp the (CN)>Cbi *UftdArcl (spot 1}, the 
(CH)jCby lundard (?pot 3), v«tof-only contfol tyw hwil^iwLLiwdliiiJ 
contf ol JiyuL 4). diid the compl^tB rtaetien mixture (spot 5). 



rhA A P propanol moiety of Cbi. To test thtfi idea, M. maid CbiZ 
whs overprodueod from plum id pMinOR171 (tJji?.+) En E. culi 
nxorirnduLiuu Miuiu DL21(ADE3)-R1U AdoCbi woe incubated 
with cell-free extract enriched for CbiZ, and amlrlMhydrulHM: 
activity was mcuiur^l \jy its\n^ a InoaAtuiy that detected the 
piesciice of Cby in the reaction miMture. If Cbi were convened 
to Cby by CbiZ, the oorwmlrlK HuuilmpUy of Sttoii) 
t ^.iyi.. & v \iom\6 pMnCOBYlO (cobY*) would be corrected, 
resulting in growth around (Tie application puim nr ihr Miirt|j[e. 
Thy syrilhcKis wa> uuly detected in rCMJtiOn mwruroj that eon 
taincd cell free extract enriched with CbiZ proton (Fl« d, xpm 
3\ Eiiggcsiin^ ilic Cl)i7 iniiiirin hnd Ado Cbi amidohydrolus^ 
ttficyme activity. 

CbtZ-D*t»i^nt Conver«lon of Cbi to Cby. The Ct>i£ protein wu» 
purified to homogenel^ by uvjdjj a C-(ci niin«l eliitin-binding 
nrnmrn mg. whidi wtu subsequently delved (ddta not sliOAvr). 
Purified CbiZ enzyme homogeneity by SDS/PAGF) whs 

teSDCd for AdoCbi axuidohydiulnKt; nctiv ity hy inCUbatinc tl^O 
piotcin with AdoCbi and monitorinft the formation or the 
product Cby by using HPLCpforocolsdesiinheil aliovu. A to£UiiiJ 
fui n-y was clearly detectable in the complete reaction mixture 
(Hig. SA), bul was absent when CbiZ protein was iriHUiviU^I 
beforr innihmiiin with Ihc? substrate {Vig* 55). Under thcuc 
condition^ n Gpecitic actfvtry oi 6,4 /i mol per min per nig of 
pj-oiein was calculated. When (CN)aChi waa used s^strale, 
the specific activity WW reduced 1 fold (2 1 ^ol per min per mg 
of protein). To deoionsir ate the rnriutaxf aeiivity was not due to 




i ,, T ,, r i, A l,, i" 



B 



M.I—*' 



J " ■ V ' ■ I 

1* 10 16 



10 



Mg. s. mhlC ana^K nf ThP rht7 rMLiluti. O n uninlOiiramj oi components of 
reaction mixtiifo monitOf«0 at Jbi nm iA) sort ThP hwn-in^i iiiMlmJ tuoUul 
W. Humbtn rcprcstnttlmei (In minwtqs) o+ ftluwon m*t miction. 
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JS3 

Cobyric t»cid 
(932.0 emu) 



wo 



m/2 



*50 



Fja. G. MS analysis of th> prtidurt rrf th* CfilZ reaction, Miuwm \i ths 
miiUlji-dibbLed laser <lcMretlftn/k>ri23*bn-t(m»-o+-tliflht u\ ar^ytls of TtiP 
HHLL-pJr»n«1 prnriiiel urilie CbtZ fMrtion. ThCSlQMl wi* tfc*m/*valU0 
032,4 was concwtent wiTh Th* mnlpniLr tiuu uf Cby twKhout Ikfind?) whcr a 
* - -r 1, No lignHittrrt iignali war* dataafid afcou* an m// vdb* uf 350. 



inhibitory cffisotd ot the UN anion, subSTOT* tevitfc uf KCN wccc 
added 10 the raaiuii m Inure. KCN did not significantly atteel 
the Specific activity of the protein (data not shown). HW/\ 
punned k action product whs analyzed by MS, The w^nat wilt 
»ii Wf // - 032.4 signal that was eonsittcnt with the expect 
molecular mow of Cby without any (W..0 atomic nui33 

units; Fta. <5) A Wnwsmy confirmed the presence ol Cby in tha 
HTLC-pwificd peak (data not shown). Tries* r«mlfs aitifii mud 
that Cby was a product, uf ilm Ch\7. reaction; i.C„ thul CbiZ bad 
AduCui amidohjdiolasc enzymb activity* 

Kscmsciqii 

Arch«e» #>d Bacteria Salvage CJ)I Vli nm trfstinH PdiliMtys. The 
genetic fltld blorhnmi&al evidence reported here anil clsewhoro 
(2fl) suppom the conclusion that prokaryOltti haw rvfilvrul al 
least twu distinct pathways Ibr wtlvrt^ne the precursor Cbi ftOttl 
rtm ctiviiuumcnt. Information currently available from genome 
databases sufluests that these Cbtanlvsigjn|r pathways CYolved 
and remiurittl wgicgAted in ttpnrntc domains of life; i.e, f in the 
Arcnaca or the Bacterid Both pathways accomplish tUv. Mime 
goal, which fx in convert AdoCbi to AddCbi-P, a true inter me 
diaia of the 4? novo bio&ynthetic pathway (8, 9). The differences 
between the bacrcrial and aiUm^l Ch\ salvaging pathways are 
ill u&Lrated in Figs 1 and 7. Tho chief, difference Is the point of 
entry for AdoCbi- In ibis model, wc attuned llvat archaca 
convert O" tn AdoCbi, however, the identity of tnc A'f P:co(t)r» 
rinoid adcnesyltransf erase in archnea has yel lo be established 
experimentally. Ar this puiuU it is unclear whether the subjitrute 



fur CW, aeccb to be adenosylated in the cell. Under the in vino 
conditions described in this paper, ii » clear that (CN);Cbi can 
be used as a siihairaiis by CbiZ and the uctivrty ir, only reduced 
3-fold. Farther characterization of meCWZpniieiii ma/ provide 
insight to when tin; unmn ring is adcnosylated during satvaging 
in aichaea, 

('nbamide-protJuclflgbKetBria evolved ft conserved multitunc 
liuriitl enzyme that can use AdoCbi afi substrate and corwral il in 
AdoCbi-V (CobU in S> MtitrlCQ) in a sinalft cfltarytieatcp (^g. 1). 
Archaeiuon thcautliui band,convcri AooUji to AdoCbi-P In two 
atcps. Firet, ttte amidoftydrolase actlvliy nF CbiZ ulta«$ off the 
uminopropanol mnirty of AdoCbi yielding AdoCby; second. 
AdoOny U converted to AdoCbi-P by The action of Hm ArioCbi-P 
feynthase (CbiB) f-nTymr: (Fi^. 7), Results from nutritionu] anal- 
ysis nf tbil* and cbiB mutnnts of Halobacterium sp. srraln NRO- 1 
and comptemcntailon snidies «r .S. rjw.tbca muUinta unable to 
rarvajiB Oji using archacal ^ncs (^J), ttrongly support the Cbl 
mlvu^na pathway delineated In Fig. 7 fur uidiaea. Here and 
elsewhere (8, 19, 2(1), wc hitfc shown the existence of thii 
pathway io curvaTehaeotes, Whether xhis pHihw«y jiie*ent in 
other archies ne-fds m lie uivtaligdted, All ftvailtiblc arcfaueal 
i^nomc scquuncca contain ortholoRfi of CbiZ and Olher pnut:im 
known or predicted to be ir*.|ni»«l fnr the salvaeiiift of Cbi 
(GihADSTY and CbiD), maUin fi it likely thut the CbiZ- 
dependent C'bi-salvaging pathway is euiihcived arnong all 
urchiH'H. 

Although the bacterial CobU and the arctiatwl HtiZ Anr.ymca 
are both iisf.fl hy eelh lu wlvage Cbi, thfr enzymes shore no 
wquencc sinularity, nnd rn tact CbiZ does nor share humnU^y 
to any previously charatJ^i jnoteirw and coo tains no obvious 
muLifa, Hie two enzymes however, ur.a AdoCbi as substrate. Il 
will bu uitere«ing to see what, if any, siruciuiaJ similarities exist 
beiwo ji lirw the two enzymes bind AdoUJi. No evidence lor An 
ATP requirement was obtained, The slnKtuml Mnnlysia of the 
CbiZ pimtrin wiirruiils Cutute etudy< 

Althrnigh nrehaea and bacteria seem 10 h^w scpiLniie |jath- 
wayi; for the salvaging n( Hii, putative orthologS of the (Jai'L 
prutuii) exist in ZJjoWw Haloditmns (30) and ftocto tubulin (31). 
In both organisms, the Ch|7. pritUsJn upptiiii to he fuaed IO the 
C id minus of the DtuO protein, the ATP-binding componem of 
the Up ABC-transport system. Bec-iiM**. the OnZ ensymc ap- 
pcairx u> lw pi iiuariJy a Cbi-aalvagina function in archaca, a close 
association with tfie tran&port sysiem should not U; SuiprtsinSr 
What ib inn isnin&> Iwwever, il the rolo thul CbiX may be playing 
in B. laloduransi especially because this bacaTium .iln-jirly has a 
putative ortholfig (j> ihe bacrctial ATr:AdoCbi Hinasic eniymc 
used by B, . -producing bacteria to salvage Cbi. In rhr. cast: nl" ft 
tubtifc, ihe role of CbiZ i^n more nbscure becauae Uiis 
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AflD 



N< CO, 
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UTlir-P 



-„ fc — --^r.. h„ haclcrW CwbA Mftftcln, A.CflW islhfi orchqaal non<irth&l*90U5 mplatomeotnf ihP rwnnrW CubC uiffl*irt(C L.Zavas, J.D.W., 

f Itaarcftaeal CofaDISlhcvtlMumu ilrtbMttrialCobDpr^ctniCLlayMrJ^.w, andJX.f.^, unpuhlHhml r»ulbVi/. 



Ha. 7. ^. , 

piffatw arrnapalormoloQ to ihe baclcrW CwbA Mftftcln, t, CcbZ i^hc orchwal nonftrth wegowK mptatomeor 
and I.CJw-S^r unpubiifh«d re«irnj r i lw archaeal CobD Is ihe vtlMt 
The orchaccl CpW is tKft drthok>g to tha bMtarjai mm prm«n tii). 
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CbiZ rvwy be playing * A\i(tm\t rol* m thwe b«»cri» 

SK* pw— directed *« ■"•*»•? " r Jl° ^ 
pMhMVi i" md why -tern 

««iiuwSio «l hi-i i*fitem or urchac*. One wiild mecutac 

fihe result of n hynciilictie»lluims«] would not be>i»Meerw>U8n 

AdnCbv. th» product of 0 »7-, COUIB t 
Ad Sm«:^t scnditfonally «prc» ,l« .™r,n ™S ba- 
thetic f ^tions, but ^Irmivdy ;«P«- f^^^ 
tue a&semWy ..r ihs nudcotide loop (e.».. * khiuilo) law u 



1, Rfllh, J. It, Lawrence. I 
137-101 

2. acillLA. L 
"1 WftlTCfL M 

Nut/afe Adrf Will Blot- 3<s 3*7-384, 
5 lC IL, Lmoh. a . Warren. M, J- *n**l., * llKrnw - r < IW8) 

U„ |.«. PCT . P. J. A D.itef-1*. A. K. (1W3) 4iv*. ttem, ft*. W 



& Thrim;n, M. 
4233, 



editions, these organisniv 

nth 

of Iht. 



conld find Ct>i in the e»v 

c^ndit tov wi« imi conducive for ft* «prauon 

the organic would be unable to nuriui ^ n ^ c th ^ l t ° 
AHftThi whether salvaging ^ the latter depended on rhu tiaivitj 

^ ttouAh the cvolutkm of . ^ S m The fn Tha 
AdoCbi to A«*W to P^«^ J! 



13 



14, 




....nsferaac) - . 

unstable to bt. iclftflscd from the enzyme. 
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The ara/) Genes of Shewenella ancidcmis and Pforio chokrae 
Encode a New Fe/S-DependerU 2-Methylcitratc Dehydratase 
Enzyme That Requires prpF Function In Vivo 

Tracey U Grimck ;md Jorge C, fcsculante Semerena* 

Department of Bwirtiw Unirtf&tiy of Mswurn Madison, MadUon, Whtfmxiii 
Raceivcd 24 July :wOAMttepr£d 10 Octulw 2003 

otA fttid pr*/ 7 , in place of Of In addltloi 
epydrutase enzyme. We duai-d Ita oaiD o 
^ and found that, together, tbc Acn 

after Mhklhu wi A iron-chdatin* won. ntf no AcnD octMi, w .fatrad after attenpted Ireco stita«on 
without iron, Nudcar nuwKtfC n—i .prtiwnr and to vitro uclmty •»£ ^J?™ 
dehydni^l 2-.iiethylcitrat« and citrate tn 2-HhAhyWiMttmiWle anil uuidllatc. ^J^^.^, J,™ 

AcnO nnhy caLalyxes the firat hair of the oconlta W -lik* achydKiUun ^ 

found fa/PrpKlt is bypaths* that, In viru, PipF b an uC«s««y protthi netted * prevail .mdiilm 
ttnug** uf UWS tar oC active Ao»D en*y*f> or th* it m*y m viiltacsk or repair *r (tic * c/S 

cluster present in AcnD. 



Fina demonstrated tii Yarvowtq hpofytica and several ultwi 
filamentous fund and yeast specie* (26. V.» tt), the 2-iucUtyl- 
cttrote ('2-M.C) cycle was upWunniitly shown to occur in the 
b&Cteiin Sulmtnr.Uu crtiaiut serovar Typhlmunum and Etch*- 
nr.hju f .ati (20, 35). Since the fin*w that prokatyotM can also 
utilize- the cycle ns th&ir route of prupiutwir. t-iirtholism, 
tlifl 2-MC pathway was ftlso rir.mnnKlruiLid iu Other eram-nCK- 
adve bacicriit Rnkumia cutrtflhfi (8) and Burkholtterta 

xoaJum (7) And in the gram-posittve ttact«rium Carynebacw- 
riutn slmmictum (IU). ilequenct analjrsK rrf uimplcted 
^etiomaK of several other baueri* indicates that the 2-MC 
cycle may be wklfisnTCiitl awOUfc biictcria; Vibrio eholim, Sfw 
mtnvtfo imrSJetLnr. NcissMa gpp., tmd wvarii Jtoltdomonax 
species wntain proplandte utilization iprp) operorw (8. 17) 

fFig. 1>. . 

The />y operom of 5. ertfrritu and £ c«i compnutt four 
genes mmiUni: xliutluia] proteins of the 2-MC cycle whiiA 
tiAvc been chftractorizod <Fifi, 1A) u£ lo«o«ni: piyB enoodeji 
2-tnithyliwJcJitrote C^-MIC) lyase (I 3 . 14. I7) ( ;xr//; encodes 
2-MC synthase (L7. 18, ^) t piJ*D encodes 2-MC dehydratase 
(!), and t upE encodes propiimyl-OOenTymc A wyntlict^c 
(19). However, Other prp operons have a gene organfcmtiun 
that diilerc (ycatty from that of these rwo onicricK (S, IT) (Fift- 
1). Figure ID shows uq opmurt structure lllat contains two 
$c4ies, ffcnO (17) hndjwpr'* instead afprpD> In ^ lvi/ctoa, 
uiicnden an FeyS-iadependoilt 2 WC diii hydra tiisc thiic gener- 



* nirrespondlni; aulliw, Mftiluig addrwa; Depamnentof uaclMio). 
cay, Uniwatilv of , Wivni»)u ( 2rt4 En^me liulilvte, I7i0 UniwrtiW 
Ave,, Mpifeurt, Wl 53736-4«f/. rtinn^ (iTO) 2C»2-T379. Tm; Cfit»t 
265-7909, n-mail: C4oalon*o®*nwt. wiw.edu. 



Mtx 2-mctlryl-r^ucOniCate (Z-MCA) from 2-MC hm will 111U 
liydrato 2-MCA into 2 MIC (17). TT» bydraliun *iT %MCA w 
eatuly20d tvy oither aconitaiC Acn A ot Al-iiB (Fig. 2) (17). All 
currently sequenced prp uji^hhin thai contain mi qchD or 
tholog also comrrin prpF and vkc Venn, The lattev ia un or 
Lholou. uur.11 t.jhIkijj frame 5 (ORF5) «i : A (») and 

f! rntiyhhH. Tlic onry workontfOfy and^ reported to daw 
was ijci-fhrmcd in fl. cutrophfi (>S). l^io tutrcplm prp oprmn. 
reprcscnied in Hfi. iC, contain*; boUl the acnD uiid^F K i:m« 
and BrSmer et aJ. recently rfpom'iri (tint, ici ft tuitoplui 
HysVj prpl> wub not required for a fuiniiimnl 2-MC cycle* but 
^fcnD and ptpF{ocnM nnd OR Pi in R. cuthroptui, respectively) 
functions were nwxled. Huwt-.vcr, efFnrta to demonstmto Uis 
ctwiversion of ui 2-MIC by AcnM-cnrichcd crude ceii 
L-xtratMs wkik inconclusive (S). 

Tn this puper we demonatratc that tfte aa\T> gene encodes an 
Pe/S-dependcnt 2-MC dahydraiafie eniymc thnr m\w\n\s ihc 
prpf gene product (0 ftinciion In vivo. The mjnH /mil }u^l- 
l»Mie6 from V t cholerae and 5. cttlflrffinxii wurt cloned indepen- 
dently or tojjechcr ami were m^I to compensate for the luck of 
the MS-lndcpi™ieni2-MC dehydratase (PrpU) tmzymo in S. 
cntariai during growth on propionate. The AcnU and PrpF 
pruieiua were isolated. AcnD purified in the presence of air 
wan inactive but wns reactivated by protocol reponwJ for the 
rcuctrVMion of uconiWGS (22). Reactivated AwO liiid 2-MC 
ctohydratafie activity but no measnrflhlc 2-MIC dehydratase 
activity. Even though aujnilaM:-liWc activity was not ohierved 
for VrpF in vitrei. PipF W45 required for the conversion of 
i..to 2-MCA in vivo. Possible rolw tor the PrpF protelo 
ue di^cw!»cd. 
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Fin i Situctuia viiriQKinii an prp "P 61 " 111 * rf ,1Lyc f. rt! bac V- n£L 
43%nt putative tiem-hcip iqfrm tetvjtf* f** ""^U^ 

ORrT^WiS tolled „^ d«fcn ? t«J ^ thjrt shjuj mjuww; 

Fig. 1 c: ana D, and ih« between 0M* are mil rtnwn lo mm*. 

MATERIALS AND MflTKODS 
M «««> eulrtro mmia. Clrtwreii rniihuahud ^^""'f 
!„) ; fl ?n, ra |iH,,,k» flu mM) w, ««L « mmn-ri 1.5. 111. P^cn^ 

ntldfi. .10 u«M); i*.-fydin^ U: ^mj cMfiminpbmol, W. ' ™« 

I?*™ fPfiinla a«ire. qiic*i<:r, Cuutb) w ■ rf s*™n'«™». I 7 " 

franW W CWIl II0.AH 0*er lira* ^«hMM'™^M* 

rSS u,ta,< X*is. MM. A ■» * «« «nt. .4 HwM* ^ »1 *« 

OMintvfiCS b DttwiikfJ i n Table , 

KDcml^int UNA R«lri<tior an4 modifl^rlnn L-nvniw 

Sine m th. ^nufiieimr^ ^cHtanl^ All CNA ™^ c " a < «™ 
Jl Ul tW X 5 in o MiWOlUfle rrniritiiijo Okdnm U«H»r). C*lk vr« 



wntfttvl d,«x wilh VOft |Ll Ot cold HzO, fn, Ua| >«r«i C <l !n 100 kI of « f>- «J 
SKrt rift tton. ^ Sm«i.i, Uaivcr-iry nr wtaW^;l-j^«» » ^ 

dna, so po^i ur.^h ptunertiiynsNA.csoftaviiui, ia« . *«i t ^ l,l *r ,, n f a 

ftTlOi «ni « Wt tor t mm pa U tan^T DWA. The IT K fn^nwi w«, 

n, CDC OcaiW «»"-P r: fl " f ^^ SSTSS^ir 

wJ*Z XpJ* "« ^' 1W mu[, 'P 14 al W™ M rfV1 ' 

.^ng QiViuiiiHM ontib^ia, tour mlrmlte uF hcIi ^ 

Sin Ufcd. N.I > mkruliu^ JW. imd drtHlJf oT ««« ml.™ W li™- 
Ui BBtaRiiMl Arc. AlMJiUiHoc nw^uremiAtf! wrte i»feMi evny O lw 

„, Hl l with CnJ-PukprtR CHethcvm RrsciCLb I^hcnMrks. ^Irh^hur^. Mrt.|. 
KliHtt woe i«nli»«d M ?rC lor D imd IH^ aanrfcmJ «o aru^.c 
ch tmL^r whr™ t»U» wens pn«'«* ™«> m,^i^ " ,, P«»Pkni"l» '"« i ™ n ; 

"iSLlM * Mn-wu* AuiD ISt»H prol«iiU. Pbw«fl« pfWWi (A 

niriucEd wild 0J mM ^mrylH^ih^iliicinpyfanwIib ( Ktro. The vji 
hmt w«e rm.w*r C d 5 I' nfte* 1 ind««!nii far 10 mm at *1 ■ anl I I.7W / K- Tl.« 
will KlkGH were fiuMR iA - 7r\'C. ftir lain vat. 

Cell 1«H«to ^rc r^^n^ «* nd nf *» mM (pM M I M J*yd™.)F Aj* )■ 



COO 




AcnD/FrpF 



nr 



SePrpD 

"V 



COO" 



coo' 



or 
H a O 



CQO* 

H^C OH 

OOC -H 
H -K 
COO' 



FIG 



^ , i • n ur i Mid- uk drawn ;ix Fwshcr pr«celwnqttOTecK:h«nKiT> in DmcU un mtecmiiilmw 
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Stmin or phimid 



TABLE 1. Sliding qjid pbroiicb uncd in this imidy" 

Genotype 



t. strains 
BL2)f>Dfc3) 
DHSctfF 

JE457U 

£ tutorial rtnuiu 

Dettvalivcs of TRWH-I - 

JE390Q 

J 05 993 

JE65U1 
JF.IW02 

JE65D4 
JEtf06 
JE7233 
Jli7236 
JE7357 
JE7590 

pDAD30 

pAUWJU 
pPRPJ 2-5,4 

pPRtto* 

pPBP63 

prune? 

p^kPitt 
pPHP13S 
uFRPUU 
pPRPMI 
pPRPW 
pPRPJit) 
I.PRPUI 
p?RPl3i 
pFRPf53 

PPRTJ54 
pPRP155 
pfRP156 
pPRPI63 
pPRTlSb 



KVarM / /ur/ff;7(r k - m**) jwtf'tf <W-/ JWrt {Kal r ) 

DL2](XDE2VpPRPiS2 cntcrtwt prpC' r in pb"L lib Dte ') 
PffJli(ADEaVi'PRPW wtff/^a WPD' 1, in pBTJSb Wa r ) 

p/pCJ67 a»-6ya6;:rft/W(Tcy 
prpOr^W to^tfJ«::TniW(Tc) 
pfjiR19.1 £iii-£Jfl(J;iTn/CdCTc) 
* (ifflJM::fr(iw + 

JE5993/PACN9 (£ cnfttt'cfl in pUAlJ3U Wo ) 

JEJ9M/pACNJ0 (& vnttttw <ia\V r in p&ADSQ MrT) 
JfcSW#pPRPi?.l (K irArttfrtM acnD' pr^K in |/DAD30*/i2^ 
JE$»VpPRP123 (K cAofrntt- tf«/f i ' /mt^ 1 in pHAD3DMO 
JBSSWfrPRPlSfi fS. ota&nro in pBAWU W<0 

.rPlwipPRPl4A (.£ unridauit acttO* prpF 4 hi oBA£>30M»*) 
Jfc30W/{*PRPJ6:* (£" cotfyhkl* in |iRAD3A Mu 4 ) 
JE5993/pFRFl to cvk'ytoHHII 1 in pBADSO Mr*) 



uraKALI 



expression vector, Oh ' 



& ttitvit*wV in pBAOJO W« r 
.K. *nf<vi:» wjjjfi"" in pDAD30 bk r 
S. trtUriCOjUTBCn* In [tSIJW fain* 
5. etwrica prpti 4 ' in pliAD30 Mo ' 
£ tfrWnca pnwD' in pBADJU Wfl' 
X cnKTkupTyC* in |iDAD3U&Af* 
3' fnirrirrt pffiC ' In pP.Tl.1h Ma* 1, 
£ tmtsrica prpir in pfcT lib nto 1 
K efodbnr tfrtii)'" in pBAD3Q bin ' 
K rnr»W awD* w/^" in pDAD?» blu* 
S. cMtetetiiis acnb 1 tn pPAmrtyJu* 
& <Vf nVfauir f ' prp* ' in pBAD30 ftto * 
51 ttii'i'ifitfiw pvp5 T prpC* «wD r ptpF^ in pHAU^LI Ato ' 
.f. /mKAferub /ppff + in pBADl&Kun Ann* 
& 0M«bf«idf /upC" in pBADI9K^n fc/h 4, 
& ottcittensv FTpD* prj>C in pBAD IXICnn kan* 
A f Wm 'A«^ I icPii3 t in pTYD13 fa " 
S. oncMeniAs prpF*" In pRAnTflKmi Ann* 

eutiyblxH ' tn pUADlSKun fcon 1 
K dtoifwcprpF* in pBADlSKan '«« + 
5. oRddcntit pmF* w i?TYP126ftf 1 
£. cobyhhJ* in pRAD.IO ft/fl* 
£ cciiyMHtT in pUAUiU Mi" 



Kew Pn^iinil Rkildlri 

New Enyli"(J Dlalabs 



K, HiJhdcfson vio J. Rntli 
18 



16 
IT 
17 
l& 
16 
\& 

20 
17 



" All S> wrttn"i"J strains ire derKrithiA uf the 5 rtff^i ar.nwitT I yphirnurium LT2 Sirain. I'jllcs? OTtKrwi'fl Jialcii, jftruiith un J t!J* w*i* wnrtrurtcd durmjj (hv 
rourt* of fWc wort- 
^ormcrty SA2079. 

r Se» Tablu 3 for wldltiowJ mruim (and thrii j^iiolypef) in 1ha wink. 
ri TnICd(Tt;^ u «i abU^Htinn of Tn/ODEL MDfcLJ7 (37) 



hpiprnrtrt^liian'xuiinmr: HiiH (.nutfer A) <11EPES| FlSftcr BiOWUll. riiDUlK IH->, 
oootaininij IUU m\4 KCl r 0.1^ (vnlAol) Triten X»L00, awl II I mM HH'A I hi*, 
cdl .t4j4(xnsiooBwtrc broken til Id 4 UPa tn ■ chaiw) Frcnah piw«ur« <!»;IL Ct;II 
iletirls wis reiniivnJ lv uarti illicit iuii «t Jt^W >f X lor 30 min nt 4*0. &u«J« wll 
ottracu wers tilt«ml Ihroivjh <i n J-p nvpflrr-dje ilteur iind piaud iluuuiilt » 5-tu) 
cotiinui otehitin bende (Nw bngiftrti Hi^aht, Heveily, Mww.t. 7T»o ftfnmn wn< 
vrdnlml ^ilh hu(Tfr A jcrofdint; to the mtmnf»iv^r<^ iuctruutianc no J th»n 
quickly wiMiQi) wjih If till ui' biiffn A (.voluiiiiii); ?Q 1,4-dithio-DL-thicityl 
(I I IT; Pmmqiii Mitdismi, Wlij. TDc column (Kiv ml^i^, mid itic ujIuiijii 
wit t*pt st i'C for M6 h. I'ttT'ilii'/i, nmnjfiwi rrnteiru vmit e luted (KT Uie column 
villi boffet 1 A pixitaining 50 coM DTT »ul u*^t<* wsucliMd with uucfmrn ifcuir^i 
Milf«rtEWVi»aYliimltJi; Rtl otcclrophi>r^i» (5DS PACB) (33). Frurtioni; conui')- 
ing pmiein were'puulaj ojhJ 0.rJ?&cJ o»erikJthr hio 20 roM 1 IC?E£ ftxf-C 1,S), 
)UU raM KCI. 0.1 in U BnTA, snrtlmM rriT (twilftr ll). Af(o di»ljM> fui I li. 



lite v«HT ClwiHcJ lo buiLr D Inciinp EDTA- The r*miumn- pun of 
cUulyiiit pCflofl WM pCTtormwJ *Wi Iwdtit B uunlainiiix:'^ fv*IM) glycerol. The 
prulein vna \lMh*ito"/rn tn Itqiiiri niTr/iflcn aAJ SttSfCd St — WTC 

(tMcllvathn of parn»4 ( P<*M«»r*«. PuriBtd AcnD iwiv (nofiiwinvl amnrrlinj» tn 
ll v MiP^L*)J<iK*;nnodTundBvjntfTHll). Allr^flonte wf*rupr*ipar«l inhjcrsimci 
nnat-.rtihlL aimluiimt (3, 15). Pun fled IljAcuA (171 *" rewrtivmal by \Uv tttirtit 
pr^cdui* utvO wnc uwd as ;i pfKlilvn rrnirml In rlir. iicrmhiisc unajrs. 

In vfcrt oeauiUw ouo^t, Asem^tfe »i*i*ys pMtnrfTwd Sit iliwrihril (IT) 
R(fm.ljfirt (rtfciurwi contained 50 mM Tri? (Tfii HQ) buff»r (pH K0) a«0 mM 
ClITiiu, IsiilIixjic, 2-MC, ui 2 mM tP^ooniroto in u l*n>l qn-arU- t-««(U«. 

K«iKihflLiwl tiiuymif arcs muwrcncil io Uic invciiv wiih a 2>nl Uniniliun 
rtuLjc. No detertfiblf; Ipot i>rtwi*y *vm ftfuwrrvert tJunriy me (fljr.lUon U' live 
t6:ULys. ("2 h). Ruacriwii wcrv mOdil^d tor ID rain at £41) (im tn ft Krjlfin-Hinr.r 
LiirtiW* AO *jMtmpboiamcu;r (NOnrtilk, Conn.) aquipp»d wiih ;i vinrtilulirt^ 
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NCW TWO-^OTEW 2-MirrHYLC.T^T..: DCIWDRAIAS* SYSTEM 



4iV 



l ABLe *. C^trurtlon clpla^ds u>tfd in this work 



p?RPl23 

pfTtPUU 
pPRPD? 
pPRPl4U 
pPRPUl 

pPRPlSQ 
pPRPi.si 

nPkl*l52 
prRPIS? 
pPRP154 
pPRPl55 
pPRPLiS 
pPRPl63 



Vector backbone 

pUONR201* 
pDAt>30 

pUONR2Q1 
pBAD3U 
pDONRMl 
pRAD3U 

pTYBtt 
pfiADlK-KAn 

plYBli 



GcrwM cloned 



MflUni! of cyn*U tuition^ 



V. cknttw auiD 

cholt-fatf acnD prflF 
& tmddcni't* jcaIF 

$. iMKidensit ucnP prp p 

.5. rtncKfcrrtii /"7> B P? c ' flLrtD P''* 

S, <mekl«ns\t prp^ 

JSL tnicidcnsi* ptpU^jtC 

S. oxrrttettiis prpF 

5 AtieidaimMnP 
E. coii yhkt 



Oairwuy BP nation'* 
Gateway T.R TBiiiliun 
/fprtl, Mwl cloning 
nmcway BP renctiim 
Gateway T.R icatfion 
Gotorf&y BPrenrtfcpu 
Odteway LK reaction 
Sitrt. AIhiT doling 
SacUXbtfl cltminit 
&iflj, *»nl tloninj?, 

jtonl. TtoT chiiuiw 
i'pd,JWwl caning 
Stfc(, AT>«1 cloning 



- All 5. ^Awrif or^niatu art tfuta jfll-1, 
w All C rtP or^ismS are undo UCS- 



KRMttAy Mil BtiiKit ») «™' of iron. 

SETT - ce ^I^X 

mutant wwb ^ ff E \ «(irvm* woe tf*twti«rt hy V. J. Swhui. 

» scribed abaw uk*J »« subrtiot* l^pj 5 » n ° - 

tMBliun pifattur^wcrt allied Lu ifntaW for 1 B «i A.^wlip yicp^Uoi 
"SI? 1 " 3tT P^ln^^MS ^ from . MU.nl 
Ui« Oi^KM pnMrJn rE^^.. Protein^ l«P"atert »W» PAC^ 
Wh.) weni uw^ u Mufl^Mdi w srifl-^Anfi. 

RK51ULTS 



ffl^a -no and p»» h r * 

ot ud £ nueica nJi mutant anm on pnipujHdte, Th« 
Tnfl prpF >»» cloned inw plwl* '■" d " ,hc * 
-^duciblc promoters <ht.a » . P»r or ."div.du, 1 
nn cwuiiatibto plusmkU. Vtaiuibto carrying »m f» 

Fig. JA). When Iho *»U »d P*? V**°> ™ 
ep* au, ..l^mid,. however, srowth uu pfopKmut* « oh- 

^!Ud only when Doth V^^^J^ \ ^' 
„ BCS W h B n X ftrtdto* »d V. choice 5^1"^ 

^IC«» not musing conaaerrrfi to th.: * ""l* 1 -^? 

thely 1lic» ittmlts indicaie thai hnth «P«D and jwpT arr. 

with AciD function m implement an £ ^ 
ST^ta'Su. onto - Jtfoptana* n^ujn con™ 
conmri (j/ifiO") iod grains oom,.mn B boAft. £ 

ndidti that ^n annCfobiO cnnd.tions. both Aj3<J 
Pipe function* ■« quired to eompiemeQi a.. \ «r«nc« 

1, the arowlh of «n,ln JS99H on propion.w »» ^ 
shaiet 22% MuniJty (37% similarity) with 5 . U u*fcnw AcnU, 
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Strain 



J Mi 73 

JEfitUT 

JE73M 

IF7ZS1 

JE77J7 

JE7282 

JF.72S3 

JEG105 

Jh7/74 
JE717b 
JL7277 
IR7Z39 

J £5297 

JES2W 
JE727Q 

Jfa/155 
JE7251 



„t*r1«n nf 5 cni&fui PW flKrtHM strain* 



TRtftS (wild lypjVpBAMO 



]E3W77pPRH5fl (,*. anctettxs 
JE3907/pFftPtSl t>'- onn/toiMJijwz/B J 
j£J<*n7^BAD3D 



500 
500 
5M 

5U9 

irai 

100 
300 
n 

1WJ 

UtO 

too 
sim 

50U 
.100 
LOU 

too 

SIX) 

ion 

500 
5U0 



|h * SD) 



7,3 ± 0.3 
7.0 ± 0.3 
■j.ci * (1.1 
&U S 0 J 
9.2 ± l-D 
TTUl 1,2 
ll.U * ^ 
J5.fi ± 

i3.o * 0,4 

NO 
15-d ± U.5 
12.7 ± 03 

19.2 1 OA 
14.7 1- n.T 
27-0 * 1-4 

UC 
Nfi 
V.7 T 0 ^ 

11.3 ±u.i 
10,3 -L 0 J 

Nr. 

ll.U ±0,7 
[ifi i 0-3 
tUS ±0,4 
NO 



, p /25l jgSW7»BAD 3D _ - two an linlfc-w*. they ■» tf oiffcwm ta«mr 
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rfEW TWO-rftOTCW 2-M ETH Y LCH'UA'I 'fa V b l-TYpTLATASE SYSTc^ 4^ 



oncidcnzi* PrpK The E. coliybliJ andyMff gnne* were lUmibiI 
individually and a* an uptrun (yMiH/J) under the control of an 
flrflhina-5i>indm:ibJtj inomoter, Nona of the pUsmids tested 
j-estortd the £rowth of strain on propionate (Tabic 3). 

Strain JliPJlW foiled to grow on propionate when E. wHylrkf 
was introduced with X oneiffm^x fir K rfmturue jirpF or when 
E. niff/Wi//wi»*ii:b1ftrtwith»9. otieidaaiS or K cfwUrac acnD. 
Tina* Jatii indicated that Ihc .yWj/W pporoB Of E. coti did not 
convert the 2-MC generated by 5, tntenca into 2-MC A or ar 
least did not convert enough Oo coiuplciiwiii tlw yinrth phe- 
notype on prapfnnHtu. Thts nilts uf \l\zybhllU opcion iit E. colt 
ii:iniiin> unclear. 

& t madmate PrpU (2-MHJ lyase) and PrpC (2-MC aynthnie) 
restore growth of S. tttttriai prpS and ywyir nuilanl Klruiau uii 
propionate. It was ot inlfjt 1 ** rn determine whether S. onciden- 
xt* pijiR (a 2-MIC lyase oitholns) and prpC {a 2-MC synthase 
ortbnlog) could complement & ertferice prpX otprpC mutant 
strains. A'. <tncidcnsi£ prpB wtprpC were doacd as it jwn i»m 
plasm id pBADlBKan and In t mil i nasi imu suains J 123946 
(jwpfl) and 0*7*0 (Table 3). Tho resulting X enterics 

sUiiiiib (JE7255 and JE7255. rcspccivcly) grew on propionate, 
suggesting that the wtrae stereoisomer of 2-MC was synthe- 
sized inS. ctferiea and 5. omldtnsis and thai the Pi jiR tiii/.ymes 
from borh organism a musl likely use Lin; aaiUO stereoisomer of 
!>.MTC Ti hh* heen nhnwn that £ voir only synthesizes the 
fcorocr of 2-MC and RWiorates the isomer of 
2 MIC (M), and bcormse 5- wifriro PrpB and PrpC sire jjrntlfii 
than 91 and !96% Identical respwlwrly, di the Gorrcapnndiag 
pmmlnx in E. mli, U w iiifci i cd (hat the same atcreoiwmcra or 
the 2-MC cycle intcrmediatcc are prod uc*d m Biese organisms. 
The same results w»re obtained when X oneiddnsis prpB or 
prpC were cloned individualry and inrrnduml init).?. erriaw.-u 
(JE7252) iiud TF.3QIY7 (JP.71W), respectively (Ttlbk 3). 
AcnD uu J Pi uF do mi subalilult for TCA cycle acomtOGC« It 
WW also te&tcd wh*U»r AcnU could substitute for i enteric 
A^OA 01 AcnB during growih cnndiliuni ilutl drmtntil^d ,i 
functional irlwrhmrylir adil (TCA) Myulfi;. J. oniViAfrinlr or V. 
tltrfrjux: actiD individually or in enmbination with prpP wore 
introduced intc atrain JiiSiftW {QcnA aauB) (17). The resulting 
strums (JESSrtA, JEfiSOtS, 3E72^5, and TP.723n> fmltsd In tfiuw 
on pyruvair iiikI v^rii^iK cornxntratiana of cuabinctu; (as in- 
ducer). Oiily the control ub-ams JE6502 (JWWi/pACJ»9 5. 
eatcrica aavi + ) and JE65U3 (JHSWJ/pACNlO £ uaeriat 
acnli*) grew on pyruvate under Uie conditions tcbtud. Hwiw> 
it was concluded that The ar.nH Mnil prpF geuca uiiiiiOt coff- 
pc-ii^ir- Tim il irtck of aconitaac activity required foT a func- 
tional TCA cycle of S. mtcrica* at Iccst noi to tbo Iwel required 
for growth on pyruvate. Wo Growth on pyruvate was observed 
when the ZL cdiiybhJ wdybhH gene* ur llir wnn[ftr-ir yl*ltHfJ 
npRrnn were inlriiduued into 6tiaul JE^9W. 

Purification of AcnU and PrpF proteins. The putative bio- 
ChemiCftl activity of the AcaD and PrpF proteins was invei>(i- 
gAted In vino. For this puryiusc, liie X. uaridcn*i& ucnD And 
fujtF i^ikds wt.it dncied and their products produced with an 
N-terminal chiti»-l>mdin& tElft (plasmidS pPRPl52 fttJCl 
pPRFlSG, retpeebveiy). Uo\\\ proteins were purified i>y rhlTln 
affinity chroniHtugnipliy, artd tlic liig w/is cJc-ivcd at the itrlcin 
.site Kcctiniiu^ Lu ibe juaiiufacturcr'j rceonunonduliona (New 
England Biokbs). Each protein was > u 51ft pure as judfied by 
asonxung detwltoraotry (Fig. A). The relative mobility of both 
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HO- 4. SDS-PAUb* <ir punfied i otttitlcnrix AcaD and PrpF pnt- 
iciib. Land, MW standards CNvymAvii}; lano 2, panned I'rp^i lane 



proteins was consistent wlrb fhestr prcdicLtxl luoluuulai' mfl^SCV 
i.e., AuiD wit* wlftiii verf at -94 kDa, and Prpf WW obacrved ul 
-42 kDa. 

emyruntic activity or AcnU. Purilied AmD and H ft Ar.nA 
(17 J wero rcaotivaied as described in Mitief^l?* >""d Methods 
find awayp-d wpntTnipliiiimiietiiuiilly Ibr dettvity with various 
Milwiratejt (Tabic 4). AcnD uacd cittotes c'is acomtale, find 
2-MC as substrates but not 2 Ml C or feocitrate, Indicating that. 
(ik« FrpD (17), AcnD only catalyzes rht». flrxf hairnf ihe auin- 
iiaEe-Ulcii reaction. Tin.* s(tin-.irc »ir:ri^iry of AcnD for 2-MC Wftu 
jipprtixinwtely 2J5-rald higher than that for citrate. Ihc &pecifjc 
jictivity ratdsurcd with 2-MC os substrate may be an underes- 
timate of AcnD activity since oo mme rc Lilly available 2-MC 
con wtned ft mixture uf srtreoUomRTK, wimtt of wIiilIi may Ia; 
Inhibitory (u (lir rti/ynn-.. On the other hand, ActlA U3ed a:; 
poxiLivu COutlol iwdtry dehydrated 2-MKJ, iaOCitrate, and ci 
trate and hydrutbd jfjtr aennitata. In agreement with previous 
wnrtc, AcnA did noi use 2-MC as subslraK; (IT) 

AcnH t* an F«/.S 2-Mf: ileliydraUia^ AenD activity was only 
observed after anoxic reactivation with iron, cultido, and rc- 
ductant. When teacttvatton was attempted In the absence- of 
iron, no enzymatic activity was obsenwrj. Thi: ad ivity nrn»)ii> 
Siltuted AcnD was lost ovtn lim^ in the presence of air. Also, 
when ferrityaiude and EDTA were added to the cnyyme utter 
rcuciivatioti, nil dctcclablo activity was lc*t wniua min of 
incwbaiion. ine primaiy amino add sequence of AcnD con- 
tains 22 of the 23 residues found at the active site of miiuctiuii- 



TABLfi 4, Specie activitioi of Acnti *nt\ Af.nA" wIt!t 



SubiUutv 


AcnU 


ALnA 






2fiJ i 4.0 


nia Aoonitnw 


5JU ± U,2 


(S8 5 +■ 7 4 


iMxitcalc 


KD fl 


WA ±3.1 




7.AJ.0.4 


ND 






12.7 J. 1.4 



•< Amn ftn^l AniA witre. nxtrtudtuiLil » sUlcJ in Mittn'tkb Mcfhodx 
* NH". ha rtiifmlWr xrrtvlry ntwervul (liiub uf dclcvlksi *t4t0'> tMfam for 
r/rcirrtAiifin* rnnw.rnlmi Ami ft,4 uM/miu fui &MCA ruiiiMlr>«p) i*iidti' the con- 
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J. Bacteriou 



A, 



prapiDnalk' 



• 2-MC- 



• 2-MCA ' 



m4m 




FTfi. . "O-KMR xpccmt nf In vitrei reactions. The Lumpusif iun uf 
lh« reliction mixtures: is described under Malenak and Nk'ttuxK R<v 
action Acwttainw! <hc ft cntaico PrpB nnd PrpC liftzfrtwcj «ftrfrtion B 
Luiiiaiiicd Uw A L-r^trtLif PipE. T\yQ and TVpD enzymes; ration C 

COWalncCl ItlC J' fW^Ctf PrpP, Pip^X Jnwl rrwlhralnil nnriiltsudx 

AtttD t)juym«c; reaction L> contained ina Mifnca Wpi unJ VipC 

cnxyrtiCS Arid the 5. ontidCtWS PrpF pfOtein; KMtion E contained the 

5. crUvrku Pi vE tin J Pi uC ciwyf mid, tlit 5. cmVi/cWi AcjiD emynw 
itml PrpF pmirtin. iTwrnlMl <n I ft* expressed In pans per million areas 
fbllpim: |2- 1J fJpnlpiOrtJlJ*! 3UJ& ppm; [I^qML, 4V.i ppm*. JUld 
|3- ,J C|MCA, 14.1.5 ppm, Thfl TOTtiim I bo upuotio rumuved «ln 
taintd two ebvercl peaks as previously dc suited (17), 



driai aconitasc (mAen), including the three cysteine residues 
that coordinate the 4Fc/4S cluster of mAcn (24). Taken to- 
gether, theee data indicated that ia its active form AcnD con- 
tains an Fe/S center. 

"ONMRuialybbof IUcAuiOitiilUuu produci. [2- 1 'CjMC 
wua synthesized in vitro as described (17). Rcuctrvntud AcnD 
was added to this reaction, incubated, for I h, and analyzed by 
ia C-NMA spectroscopy. Peak assignments were based on 
tliose identified previously (17). Excluding, two glycerol peaks 
(glycerol \vai added to (he enzyme us cryoprotccram), only 
ttarcc pcafcii were observed: tor [2- 13 CTpr6pionu1e (JU.fcf ppm), 
^-'VrjMC (47J ppm), and p-'^JMCA (141.5 ppm) (Kfl- 
5Q, A positive control cwpcrimefit for 12-''*Q]MCA production 
wj portorrocd with H^rpD (Fig. SB). The pealta observed 
with the H^PrpD-cutalyzud reaction matched exactly the tihiftc 
nf ihnsf! srr.n wirh rhn Ar.nD ream Inn. Thn rranrinn rnlxnirc: 
containing only [2* ,:t CJMC had peaks tit 305 nnd 47.5 ppm 
(rtg. 5 A). Theoc dam indicated that botta AcnD and VcpD hud 
2-MC dehydratase activity, To test whether the PrpF protein 

had acunhysc-likr rmyrmttic iictivily. PrpP whs added lu tlir 



p-'^CJMC icactiui mixture and incubated for 1 h at 3TC. No 
peak shift or decrease in the 2-MC signal nt 47.5 ppm mm 
observed (Kyv i>D). PrpF was also added to the reaction nibc- 
turc containing reactivated AcnD. No prak shift nr drrrewsf. in 
1\k 2 -MCA »igpul iil 141..^ | 'i mi W/is nhfieived relative to the 
signal observed in the Tewtiort mixture containing only AcnD 
(Fig- 5E). These resuJtj indicated that Hrp* did not convert 
2-MCA into 2-MlC or WEaJyze the conversion of 2*MC inio 
2-MCA under rhr. assay eonditkins itDitcd. 

footling for a role for the PrpF protein In propionate me- 
tabolism* The possibility thnt the PrpF protein coutd eatolyze 
Che dehydration of citrate, isodtratc* or 2-MlC or the 
hydration ol aY-iiujniliile wab ittv»li^iLt?d. Rvrtu llwingh PipF 
dijLs uui ujutaiji on itptmieiir Fe^S cluster binding nxitif, an- 
oxic rcconstitution of an Fc/S center was uttemptcd. The PrpF 
protein with or without imoxic iron and sulfide reactivation did 
not have any detectable umomott of dehydratase or hydrarasc. 
acDvitict. PrpF was n\w ucVJcaI in iwufnhl mfilai" i*jciy-.sa ut 
AuiD in iliu tu-dCDiiitdte liydidtase assay. Ho increase in the 
AenD-entalyzed r&te or in the overall conversion of SUtetMU? 
was ob^rved. 

"We also tesred whcrhRr ArnH n^qiiln'il PrpF (r> cxIhIvzl (he 
.second half nf the aconittuc-likc rcacbOn> Le„ the conversion 
Of 2-MCA to 2-MlC. I^F wte odded to AcnU under nnoirio 
und oxic oonditione and was teUed in the 2-MtC dehydrate 
assay. No 2»M1C dthydrnlHic uclivf ty was oWrvnl. 

Wc, iitsit Ituilial in Lit iliu jiLKiiliiliLy thai PipFcould sldbllizc 
AcnD activity in the presence of oityecn. A twofold moltn 
cxL'caa Frpi* protein was oddea to anoxic AcnD. The mixtura 
tvuk incubated for 5 min before the seal was removed. AMwys 
were pcrrfjurrned. aliuig with tlir njnm.il i:x|ir.Minfji[ willi n 

luiiciiuu uiiAtuje ilial lacked PrpF proteia No sicnifieatit dif 
fcTcnces in AonD activity were observed over 2 h, and approx- 
imstioly 75% af AcnD (dV-aoonliaie hydrarase) acrtvhy wns losi 
nvp.r rhk pr.rlnrt nf rimr (rixrji nnt .shinvn). Wnrk is airrcnlly 
heitig conducted tn elucidate the role of TVpF in the 2-MC 
cycle, 

DISCUSSION 

This study established, both in vitro and in vKu the biu- 
ehemiCLil activity of n oew enzyme involved in the 2 MC cycle 
of several prokaryotes. The ficncs ocnD and prpf of $. tmei- 
denshi :urd V. chelerue. when ajnairrcnily trotprcN^l i.jjin|n.'ii- 

sute !vi (he hick of (he Fc/S-iudcpcndent PrpD enzyme in .V- 
eniencu prpD mutonr stroins during growth on propionate. The 
AcnD protein from S. oneidsnsis wait isolated and shown to 
have a new nalvlry for fin e.n7ymft mnt^lnlng an Fr/S mnrr.r. 
AcnJ> catalyzE* the dehydration of 2-MC and citrate but docs 
nor catalyze the dehydration of 2-MfC or ijocitrDtc (Tnbtc 4). 
JJl C-NMK spectroscopy of reaclivttted AcnD with [2^ 'qMC: 
ievr;ilird tlwi AcnD iv«ld uiili/ir- (lie 7 ^MC |icjiRi»in( ]iy S 
(ttfaicii PrpC and that the product of the AcnD reaction 
mulched thut produced by S. enienca PrpD (2 MCA) (Hft, 5), 
To Out knowledge, thU is the lint report of an Fe/S-de pond em 
2-MC dKhyrlrarasct. 

To dale, the only reported work on un AcnD homolog wo* 
puriormed with the ccnM gDn£ trOrd K cutropfw (K cuiroptm 
AcnM shire& 83% identity with 5. oneidensis AcnD) expressed 
in h mw.lr. eiUiii( vyJtlr.ni in F. tvtli F nih' untie: r.*fini.i\ 
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coaming H AcnM l»^^ toU ^^^ 

acoflitaw bydman but the data were mconr.lm.vvd5 

» whether AcnM could d^te 2-MC. ti — 
howcvrr . . lut AcnM may analyse the hyrtrauun of 2-MCAinto 
2-M1C (&V In contrast, die data ^iitad in this W« md,ca « 
that AcnD land by e^piildtion, AcnM) most lftely due* »nt 
S» ih) hyl^rion of 2-MCA lo W*C >™ tbc en- 
«ni will not dchydmr* 2-MIC *nd W ° 
%talytt freely reversible region*, Addibocal support for ims 
cotton comes NMR experiment* where no r^u* 
was obtained to indicate that active AcnD protein an convert 
2-MC ium 2-MIC. The only signal observed in the Mpcmneffls 

win. thai of 2-MCJA. | i ■ j 

Studies on mammalian acunitases (mAcn) and AcnA at.n 

Aoifi fmm bom & ntoka and £ off ^ d ^ l ™!? J ^ t 

these enzymes will not analyze- the dehydration *rf 2-MC: now 
ever .hey will dehydrate 2-MLC and catalyze «»» W conver- 
sion of citrate into cif-aconiit-u: into isowtrute [A t M. 17. ffl), 
Tlve mechanism tif auiiuntn* is known to proceed by the 
binding of cfr*ooiitato ^ two ways to ^™^ ,e i™ ^ 
inaiiiui or addition oi water across double ^ 
this to occur, the subsume (a**comtaic> must rotate 180 . 
The crystal auurtm* .iF mAcn bound with 2-MIC allowed Hit 
prediction rhai if 2-MCA wsre rotated into the analogous 
2-MC u-Wtion, 2-MC would not be able ui bind m the iictivo 
site due to a steric ciasi of th* methyl group with res.duc 
Aflp165 (25). lnteiesrtn B 1y, wlieo aligned with mAcn, Au.n 
abo contains this w .i*ervnl aspartate residue, alone «Ut 21 ot 
the orhftr 22 ULlive site Indues of mAcn (?4). ll hu been 
iMrtl that all sequenced *cn£> hnmnlo^ contain DO Atnv+ 
iduc directly lollop one of the Cy 5 toques that « Mut* m 
coordinate the Fe/S dualcr. whilt in ocoiutasai of ihr. 
boxyllc arid i-yele en lie residue is found at thin |iuution (7). 
Fxpeiuueiats to test Whether this roiihi* playa a »!• ' n tne 
Hubatfoto cpeeilwicy of the AimD enzyme aw in PJOJ^ 

It has been reputed that horse heart aconite ei r^y/A, 
the fomwrinn irf 2-MC and 2.MIC from 2-MCA (12>. Thcac 
dam !n contfl»diction to the present infoi.iwtion on neom 
Uttca. but the possibuiry Kd»s one oaxymo muy ca»iy« 
the complete ccimttrdfin uf 2-MC to 2-MiU In r, ^, 
two eruymw. » 7.-MC dehydrate and ■ 2^MTr ik:Jijr Jiatasc, 
have ton implicated in its 2 MC cydc; bull, of the* en^w 
found not W conUin an Fe/S duNUa Of lo be tnurtlwiiJJ 
by ircn-chel^iriB agents (31 . 34). To our lmowJed B « : «WV 
independent %MIC ddiydrativae bus not been ideaulwl ■« any 

other oi^iiam. 

p 0S «ibk rolcfl Tor PrpF Ui prupi-mAte catabohanl, Lne pos- 
sifcriliry that FrpF may bn *n iaixjicras^ of one of the Interme- 
diator of the cycle WW considered. However, u w. un- 
likely that PipF b a 2-MIC fcomcrase bccuiw the /irpfi ficne 
Com 5. ttrtfiicniif compl^cuted mutant Strain of 5- 

that AcnD only cnLilywd the oonwraon of (Wf )" Mf - "J? 
2-MCA. It w«5 iiso possible that PrpF conW be a 2-MC 
isfiinciaac, However, ouf data shownl Wxrt the S, onctderw* 
nrpC* ulUle complcmentwl an A vtwicaprpV mutant strain, 

the «imc Muicoijomcr oi 2 MC as *« gpuciated by the i. 
m i tf Wca PrpC onuyme. If the S /vrtfai* PrpC protci.i ^n- 
cctited u different 2-MC Mr.efttsomcr. tt would he unJHcely rh.ir 



the S. cnicrica KrpD enfymn vjMlW be able , to u« ft«* ^ 
mtc In support of th« hypothec Wrock et ftl. sbi^d that 
the true. irtSfUc of the ^ ^ PrpD piuirJ.. « moat toly 
^1S5SVMC and o 10 told ctecrew In Pi^D DCtivity wiis ob- 
L£d vfacn « twamio mUrure ..f ^-MC ^tereoir-omers wa^ 
used (9) To further ro.sl this* ideal, the sCerBoChflmie«l 
hgoralion of the action produet dl A oneicf^v P.uC must 

Driimcr uc ol. observed ih-n Pn»F ww wcaWy similar (24%) 
to fto jMfttf bmc pnidu.tr of & wwrftti. the proposP^ I n«:u- 
vsiLion factor nftlit.l ddiydrataw (7). Although Ui.^milanty i.. 
yC ry mv.k, PrpF m*y be involved in ACnO Ft/S cluster tormft 
tk,n Oi repair. As fchown above, in vivo, PrpF mutt accompany 
AcnD to cooipenwtc for (he UcX of the I^rpD enzyme dumqg 
growth of a orpD u.-.H.nt strain of 5. &wnca on proinnnaic. If 
i>rpF is fennired to Stabilize AcnD in the prei^e of m, then 
arowlli under anoxic conditions should bypass Ihc need for 
PiuF. However, FrpF wai r«|«i.«l evert under annx.c growth 
conditions. sugpsrlPE LhuL PrpP rnity not be needed to pmiect 
the AcnD FWS duster from oxidycion, but It cnulil hv involved 
in rhe rmuiAlion, insertion, or nablH»^n nf the Fc* cluster. 
At present the role of PrpF In propionate mCtttbolism remains 
to be determined. ( 

Bacteria urn dHT«i«nl atrttCBiCfi to converl 2-MC. inl^j 
2.MIC. Ti (5 interesting that the stqiwnasd w operons ol 
sl-vliuI bAetefifl contain bother) *nd the umDIprph Renes. 
Since these- cone produas oiialy^ the Slime reaction, I.e., ihr 
oonvanioit of into 2-MCA, they would appear u, pe.- 
torm redundHiiL functions in these organism*. Why *ould ihc» 
urLin-Isim employ this strategy? Perhaps PiuD, the Fc/b-mde 
, Jodcnt 2-MC dehydratase, » ip^ded by tiie.se o a 
times when oxygen IiwrIh me high in the ee l and may U 
delBterloukf lo Ai-jiH. Than why do these organisms nstaui the 
«' fl r)yi»pF pull of gtnea? Maybe having U,ih of thcac ways to 
invert 2-MC into 2-MCA allows An more cfliacnt K rowth on 
ca rbon fiourc« fi tha t mjuii^ the 2-MC eyele as » mum ,tC 
meabolism. Or r «rl. iM ^ d« ocfd?^i' gene produm iki f^rry 
out rhe mmtrl half of the nconitace.HWe nr.arj.tn. und convert 
7.-MCA into 2-MiC, Which may not '^'""^""V" V£ 
in this study, in addition ro ihc AcnD 2-MC dehydmase ac- 
tivity observed. If iUms geno producte only function m ainvci I 
2-MC ln«i WvlCA. then an enzyme ouwitir rt H+.pp opcrem, 
dm IBrery one of the aconitases of »he uel (moat buetef.n 
uiAttln more man one aconil^:), miut cololyM .the comvr- 
aion ot 2-MCA into It has been described for l. hp* 
tatcu that di. FiVR-indcpcndoot enzyme cataiyrrj! .he ainvcr- 
ilnn of 2-MCA into 2-MlC (34). Perhaps some buetenu thai 
utilite the 2-MC cycle also wmtmn u &coe cneodiriA an Pe/b- 
indepeiKlont 2.MIC driipl<-atu6. Bucidfltin R the function nf 
PrpF both In vivo and in vitro n»y provide the answer to aomi; 
of the si: questions. 
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462 UWMFX AND ESCALANTE SfciMfcRENX 

Wc than* A. fL (Will for the AcnA protein, V. J. J , » , »' 
Ptpfi protein, «iul W. W. tUnml for 3-MlC Wo than* P- Saffenn. 
ami R. TaylO' for tfceir G> tu of DNA 

KBFEKBNCES 

t. aiimM *- W. Gton, W- MS* «d H. W. IS" ft.* lutd 

dent gr^h nl MfllMfewftw i«.li>l«w«- » D jn*™* >.mm P hLic. 
■Hnil£ ant* iPtnhilrtr Of TTrMIllM *K*ile Wiydw^naBf. J. 

«fe rPTHIlfl') unci HUM Of a IP-Uttii ^ cura " , ^^™> i ?^ 

widi high** 3-hythOVfalr.nifil ClXUeni, Ayvl. T-iwiron, U«n*nH. *K*fl- 

a uLir. £ 0„ nnd A- Nl«nDuCtiel, 2001. Hi* mctbjrkfow mW T" 1 ^ 

tkKvdmtow and aconite Hit. J. Blodwm. ^flMJ«4-&l '14. 

iTp^piSoh. itumdmiao v,n it.a 2-mKhylcii«.i B ^ BCteTwl - |B4! 

U tSrflT'w, D. Baidriib ^>nrt J. EL OKI. tWfcA f Mjrt 

cbS^&iB' ^™ ed ba ^ nr " 1 ^ DudM ' ^ "" b0r U ^ 

IViQa. G'iW Sprinii Harbor, NV 

' 3D03rKiAtan CIS nnd U» n» 2^racih3fll««ULLi> tyj«c 
of^c^t^ r« Mv-nhjii tor canlyiM.^^ ^JflS' 
U. Grln„m C, A. iV0«, M. IM, C MlHtar. & KkU, 

Ocultn W> CVy^Ul atn^tn«vot ^meitiyHbUdUiilc lv^w (npu r trup 
#k/m seS »nd nwcfcllins <tf iH ItyKld tHUUJ Wfivc ujaUW J. MuL 

JO, Otf nan, M- J- t , * WMn - and J ' SK** 1 "' ^'T re & u 

RiodufMlflB, ami lifcu4™>i rrprrsKkm by VCOWxaJiiUiimifi nuilwnws 
rFi.rtPiuro)!*r- J.Ba*i*A»L177li»V.I-4iaD. 
R, lltt-mitl, At *„ wd J.C EcoilftntmSnDrfttUL 2001. bi vttiu< ««»™ B 

fiv&ulKw (PipD) and iflomtMH nnpymcudrtalyee inc wiwnwn *H--niv(h 
vkitratc W > iiMUBfKBfteltniie. Mmp.hfmUrry 40;4TU3-»7U, 
11 Ilonvrlll, A,IU t *odJ. C. Ri«liwl*>iM*rwW. JW7, frvi«ui«lB Wl«wl«n 



die prp locus -1 »^ rJUilfeWTK* ppR «M>da u rtflrabw ^ * b « '"f 1 " ™ 

tirirunin MX fiClrvLOun fa«lfv««(m rfawmHae. J. BIO). Cubii. «W WM- 
ii iemmj. hL C- «.4 U. 1MB- T>* 01 *« w 3,1 i""* 3 '" 0f 

ZL UMMPH. II. K. 1970. Gkinuie ^^iS^ST ' 

' ttniBiitrMoi uadliiv.wlih iniL'itj n(w a*id iiiwftiflcirihsilfl bound. HinrJiinii* 
2r.. liibk, H,flidtiJL *MM l«l Swiw miJ«flnfon«iinonDl ttpuurei d thf 

DbXtion of di* nwtUvlntru- .v|rt ryrt= wiJ B^non f<* prap.onaw 

?7 Rmu. T» An Mid J, ^ Hooh, thn^hMira[t>a«!LjfUlc fmm i ™"'* ,f 
Sffii. imJ:fi"tfc.; fwul p^ioainil ^ «" 

yjS. sli^fc j! Portion d( iHnuins p. iua l-io AH. Ai F. A, A iMiM f n. 
Brent R B, K;»A»tw>i 1^- »• M»R J- ^ ^WmHii. J- A. Siurtb. und K. 

h«r liver oiBBihyl-wi'icwLliiW ond iftwm^^wtWrtiyHniitiiiitiH! m 
M. SMdm.0, t:. fi- K* Simla, J. Sl^c, «^ T- J« ^ ■ lnlf«l«il ». of 
Kin 8 fl(.n. I*. Di MOOT. J". O- S<'dmaT, ( J. >l Smrth, »d JL Srmht (aJ.). 
Voric. N "Y 

il Tahiifitd! II. II. UcW5fliTHi,*iid T, Nmmmi. IWL 3rMell^riir..ir 
' dehyd M t« fi . » nc* MvynK ttnciivniiw 4t «*& ,lno uCUl C3,Xk " ' 

31 ™>uchi, T, and S. Hnrn. 1974. ProdyLiiuu ul ^crtninrf-! iod l- 
frum odd mrbun wHdlMC« hjf » nmiaftl l>f Gwfidu A*«>flf*fcA Atf"- UL0[ - 

U ftuyr. 91. V, r. WcndiWh, A, A. Di Cnrf. II. MulW. IKL I. limln. 
unkr. »iH) DHMd. OT. Pro^ion-u. ftr.nj.hnn 111 iwft. v*.- 

rt«ru« fui tvcrfliion &I tt mstbykriLiwe cyrio il* hJictfcllX An*. Mimiwi. 

id -tn*«nfi«. J. O. DL «- Ulwlro, *m T, A. Cibw.. IViq. I'J.USTAL- W: 
" imivmrinc ilur MikilWftV at prutf**** multiple K ^.*nrc. S l. E nmcoi llimunh 
I «niprvr^liliHi;.iiO!ailaa-j[«;eiN6app«irtll»« wri£>hlmirTiXCh»iKV 

37 W« J i* M. <L Dnwb. D. Mwtatoi D. BobtrK and N. KImIhiw. l»l. 
' New fn/fl rtr.m-iuivca fui ftiuiapcwwi <ou(HBpn»Mj and U* mn^tnitliort or 
Ur/ cp*wn fiKlmui liy U audition. Cti*« 
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Vol, IH5, No. 24 



A New Pathway for Salvaging the Coenzyme B a Precursor 
Cobinamide in Arcliaea Requires Cobinainide-Phosphale 

Synthase (CbiB) Enzyme Activity 

Jense D. Wuud*on, Cumvn T,. Zayaa, and Jorge C. Escalante-Semux™* 

Department*/ IhctcrioftW, UlUvcnfy of Mwmin-Madisan. MttdiSOtt. Wixcnwiin 
hecuivebf 5 June 20OVAri:qiti*J 8 September 2Q03 

The ability uf *.ehaca to salvafie cubuiamidC hue bnii under qattlioil becmiwi arehuiail fceiaome* Ittk 
ortholoe to Ibc bacterial nucleoside artpbo S pha4«S^.]*.ixy<«Wi>ainid* kinase canine in *^J™ 
MfrmriT The latter activity b rcquh ed for abiriamldc »alvaging in bacteria. TMi paper n^dx ™ 1 

artbae* salvage wbtoamkU. from the eavironrnwrt hy u*lng a palliirar different from the one used by hastena. 
The* imdJw d™w".l*fl the ftinttioittl char*ctfcitorJon or two genes whott pnmrlm l»nf "n U»l b«J> 
annotated based solely on their hDrnolOffi' to the bucitrhil encoding adeaosylcobyrie add ami adunosyl- 
cobiDamWe-phn.sphalii tyiiluastf 0*jT and nspcctrvvtv) of 5. Mftmfl. A cMP mii«»«< *Ut...i of tte 
archaeon JIakbacterium ap. strain NRC-J was flUJOtrnphk ftir udeuu*yX»tyriic and, A known iutenncdiate ot 
tho 4e novo cobamioV liinayiilhesJi pathway, but efficiently saivafiisd cobinoroide from the wiylrnnmunl, su&- 
ratine the existence of o liOlvagmr; pathway In this irvhiMvm. A cfctfl mutant of HalobactcriUtt wan 

SiotwphlP tor HileiiD>ylLuLiiiauiidHjOr, a kmjtfii (tc novo intirmediote, and 4ttf not nhw^™<«^ rhc 
ranks orthc nutritional analysis or the eMP and rtffl miinintN KinjgtBtal that the entry pom* for MbinamiUo 
satofllng IB adraoCTlnrtijrir. mM. The data are consistent with n Sfllvafiio|» pathway for coblimrnW* In whlu 1 
an amidoKrdrolaK cravmr; cleaves oft the aminopropunol mulvly -»f mlnHMylcDhtnaiiudv to yield odtnuqrl- 
cobyric acid, Which IS converted liy Hie mliiilOSrKflbbiainidc-phospbatc :rvnthn.se *nzymo to ndeno^livbui- 
AmldetphospbaU:, a known intermediate of tho <U novo biOflydlJwtlc rwthwHy, The existence of an adenoayl- 
coQiiiamidfl amiaohydroluw eo*/.ymr wiuihl t-jtplaln the lack of an odcnosylcwWnomide kinase In arcnaeu. 



To date, d e novo coxmaymo B,i (Fig. I ) hiiwyiiUu»Fis llua only 
t>een rcpunL'd fj uk,'J"ui in innkaiyntifl (2» 13. 30. 31, 3S). 
This iiiitjifi bio^yllthctici pathway h&d moatiy bson studiod in 
bacterial tystenu, with ihe majority of the work twlng fnrnsnl 
On tlw anairobic l>locynihcsb ot tlir iy«rin iin^ lt\ So Imam:! fa 
enw\a\ (11. ?.7), frojiuintiwtfuMHjrti^civticfui subsp, ^ 
npunjj (M), And JWtoi- ttvgatcriHm (6, 23, 31) and on aerobic 
hiosyuthww oF the corrm rma in rsmdomoMue dantittflcmx (4). 
This iofgo twdy ot work has given conslderahlelnvlght ml 11 iht: 
details of cobamlde blatn/nLhesfe anil 1i«x M.-t the b<mi for com- 
parjwxiR with iti her ui^anisuis (26 f 38). 

At. present, our knowbdso of how orchaoa cynthe*we cob- 
amidts iP very limited (7, 39). It Is clear ihax some archae<i 
fiynihesrze and require cohamldw m live R»r exainplu iiicllw- 
nugemV iiivJmt:;i rcajniic cob amid c 5 for methnnogenwis from 
Ho Ortd COa* acetate, or mcinanOi <1U). JHe extremely halo- 
philic areliaocm Haicbaamum sp- NRCl has bee.n ?ihown in 
produce ;ind require cobamuic^ ninlci unthin growth cundi- 
r!ons» hiir it is unclear why tbey aic needed (39), Some archocn 
may poaacas cobarnidc-dependdnt ribonucleatidc reductases 
lhat are required tor UNA synthosiR, as Bujjgestcd by genome 
Rcquence ^n^lysii- la fact, fobiimlde-d^prndcntTihimudeijuJu 
reductases hiivr- isrilAtcd from WiamopktMUJ acidophi- 
lum and PyruwiM futMM (25» 34). The avnilHhiUry Of several 
ftreliucal genome sequoncoc han allowed r££&incrien; tn predict 



f Cor/wnKHiding author. Msfling v***™**. Uepaflment ot nncsf.rfnl> 
tfty, Unrwrily of Wiscoi»in» 264 Enzymv Inslilulc, 1710 Uniuemilv 
Avr . MHtlisun, Wl 53?2fi-«S7. Phone; C60fi) 262-7379. Fun (M) 



which organisms may have oompltite de novo cotiamidc padi- 
WOV5 and which may h^ve oorj' enough gr.nr.iir infuniialiuii fui 
precursor salvaging. 

An;Uysix of iliu aviiilatrlc wchacd genome aequo noes r*> 
vcalcd the nbsciice of un orchaoal ortholofi to the huettTiitl 
ATl^adCrtO^lCODinrimicte (AdoCDl) t1najic/QTP:ddwiiAylu>- 
binymide-pliOEptwte (A£loCbl-P) gu,'\^ylytf^i^^Nft:^^l^L■ (OibU 
in 5. eruertw). The Lrausfcm>tr *v.i'\vtiy war fihnwn to re- 
quire fnr dr. mwn liiiihynlliCiJs of cobamidCS and for tlni 
' iA I wit" '£ ^ unphoaphorylated CW (19). The Itinact* activity, on 
tho Other hand, is only required lor the salvaging of CW (ft, 36) 
(Fig. I), Uocently, it wm shown that the rflnj^rviut firuliiicrtl 
cobYgctit k itie nonqrtholuguus rq.tl«ti""t":'H nFtlw ,9. aitcnca 
cMi gf.nr Thr. OiliY pmluiu lias the iwclcosidc tripllORpbotc 
(NTP):AdoCbi-P nu«lcotidyltrunilfiifDGO activiry required for 
de novo synthesis 01 cooomidos but lack* The NTPiAUuCbi 
IrinaEG ucwity necessary to salvage CM via rtn: pni tiwuy ukwJ b> 
bacteria (3, 3rV 39). 

The laclc uf 1111 NTPiAdoCoi kinase ortholog in iirchacu 
laiscs three important questions, (i) Are archaea abie 10 sal- 
vage Cbi? fii) If they can, cioca un alternative, nonorchologotis 
replaoomont of thu bacterial MTP:AdoCbl kinase wrist in i.hest: 
prukHryoie«7 (ifi) If a nunorlhoh^uu* if.|ilrtccincnt of the biiC- 
terial NTP:ArViPhi kinase di«a iiul Cwbt in archaca, JoCi ml 
■ill c.\ iifttivey uncharactcrizcd Cbi-aaJvagini; pathway OWKtV Hro- 
vioua studica of Mcthufu/tHtCtenum thoTmoaiuoiropliicitm 
titroagiy 6Ufift(?*tcd that this arcJiafinn can .«wlva^cf Cbi (32)* 
How ww, tu (he Ih'-nI iif ipUi* knowledge, there arc no reported 
^Uldit4 Of the pathway uAcd by thiP Of any other atchaoon to 
salvage Cbi. 
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In rhk parxir. wc pwWe flentfic evidence Ah the abihj ot 
the v«iittiiuly halophilic archaeon Hahibmtovun sp- stTam 
NRC4 to cftooutfy salvage cwt^umi Cbi via on attCTnutive 
wuhwav to the one iiral liy bacteria. These &w<il« duMmM 
Jhe runciluna! i:l.*r«trti»tio<i of two genes whimc putative 
Ainnimi Imd bw* annotated exclusively ..... the bum of their 
Immotoey to ito bacterial adennsytailydc nod < AdoCoy) una 
AdoCtn^ syniHaseB (cbiP nu&tbW, respectively) prctem in A. 
ensenca (Flfl. 1>. 

(VUiTEWlOS ANP METOODS 

t. 



w c^mm,n^.iy ftvalBbte. iM^'Hry «pi»undi ^""^ 
wrn- mUtd U; the rtcdiym, they wrr mril M amWJ»l.-l^'» oTIW* pM nw 
NM»« ««"l<* »•! U «M far R ^f.l^ All ^IJ«* | -V- 

IHbJnl U« rorrtl - Ltl1 0i ^ mUk: kU,,ihMtl1 T«r f ' 1 1 

«n 1 t HM4-.DP lltev «uidi» *« -yn^*' * pK*™* itasKiibcU (Ml. U-Vj m 

iii;»,1nc. (W. Paul, Mmn.j. 
^totolfrtum Si«i»= aw*n kn llqnlJ wv iMfi [O^^, Hr^v- 

w *ai«v,iy P hu« .r ri-c win. for 5 a*. c.0r m«u » 
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i, antcrtai wlil type far Uiis study 
J. tfitftyfeir KtrsUik Tin cWr 

vcjmplwn»;Atatiafl itvdie* 
5. rtiwrfto aliiiifl u»d lor cAtf 

Pliiunid used ^ generate in-ffamts 
ilrlt'.iiinjs of lasted fi*n» 

Hi (-mid rtTniuiim (tanking lequwca 
16 uml to s Mow roa«nl "nation al 

rlawilrl lninafunucd into MPK.1J1 

to delete corP 
Plfufliid u5*d to reeomtrinft fiWP iolu 

j/nj.?kiau t ttv4\4 

pinguid irMMsfiimied into MPKH1 

to delfttB ctxB 
PUmaM U«ed M reeomt>int tfWfl Inln 

Cloning wntv used fvi 
oonip lamentation kindles in 5. 

CtlttritM 

PlnxmUl used topfovuk S. «m«nai 

cW* in rmn* 
Plaamiil uned tu providV W. nauri 

t-W/* in *»ni 
ptasmid u«d u> provide S. cnivica 

efiLii in /ran.* 
Ptosmid ui&d to provide W. mozn 

irtrfJJ in trartJf 



3P 



Labwatojy cnltacliun 
Tjilni/atcry coUc«iu« 



2: 

21 



deflDCti mvtfiuiu Cidli wm dilMfid lOCt-foM »ticI tnud lu irtocalah; th* 
detinAl milium DGDtainiiw lln spprtprurt* °uniiwid wippl^mrnB. CuJiu^i 

U,t »fa»ri»ntiD ftT th# culture it hMI rim *lTSi 1 Spe^tuniO 200 ^^*oph«ton»- 

(Miluiu R<v. Rd«S*«*'. n.Y). 1" »" iwifci were iwnnkiiniitMl *iti> 



war 



5. cttMm «t«iriiflfl. *-l?«nl* wene iiiliutltt«d into ft t-'^'"™ l ^ P" 11 "* rhwn 
ftiM lln uufib o Tt*'**ion cUnticffl tt"ln (TT). 

MlieraUC mmlb F«W ^P» rt<Jcnr ^IruHr* irf LJali 3 tf(i(P w»s 

«ldi«l mill* i jiTta.BcnijnHii^iLiDin [too ^ W ^b»3 ; jp«m mr .1 h » 
3TC, bnJ mplica pnnt«1 twiUi OCflncJ. n^wlon H mcduiirt <3> ^PP e ™ n J n 
wkbslumwMI ^.MgSO^! mM|, l/^pancOloHlO mM) ( 0>Q (5 K M . 
HnmMII. Cti MiftulW-nd t MW ^i»h< <»>■ tt-W/hy y»> added «^ id^lBd. 
lUBB weir hin.Hwial m«»il«a»V in «i ^A PA*C (Srnrt I M«B)l1a. 

In*., K5k*ill..R.Lj,v*iii a nni.ite.Pik •initmbw jpi** (B*ci6iipirttn««. 
CwLcV^vinc, Md]. The jjrowttl of m« «TJ»in^ ntei M H indwirtad J. n<^ 

Vrrf* e r(MU aumct. .1 cnfc7*.- atniin* B^O l« *«» "'l** 111 nuiriCl1 
broth (l?iFM) nup^rmrniea With ODipiOliu [100 ^1). Colh w.re dihiw 
TQO-tblJ iumI ubkJ ta inoadnK? rn^ cttAned fHKtlitPWi B hi***"" "TT*™"";^ 
wbJ.el y ^ MB«^.0 raM > l^-pmnancfflDl (10 raM (» 

i^mi). » H | lttt L C ...itwfa (3 k C*mnoid *upnl tf in«flit «! added ia InU 
C«mir« were fflnntinTml wtiili^ tiv^i ut 3^ with ^idinuous sn;mn E ^ JJ" 
i J : t J08 Mtr.1 Mieroplalr *Mrtir (ftl^TcK Im^»«*iiI<S lnc -i Wi"* 01 "- vt > 



Ploorid WMistniakJUS. flMiiiid>™*i pfopugowd in Uw£ic»mrt* simiii 
DMS^ ttJOMjpt *h<w nfJi^l In all CKiCP. ^ aW"" » tfammr 

DNA for rcn^a r«P^d « pm*w«iy itoMtted ^.«fcifa«fl«iKjfi«f 
Hn m dna r«r rcn ^ . gift f«c« g^ c^m (ainm 

G-rmaTW). All rri««i u*T8 puitilMMd from bwBntad DNA 'Lerhnnu«Ul. Int. 
(CanHilc, Inwa). UrtdcmnM ^cbira uf lire prim" ^^""b b*»^) 
InUWSiic iitL0dkiWt3 rcitfiflttoa iUtf*. # 

Htfnwafflam vhmuUk. A diagram vf tb4 «d**i»c*f"«« "P- »'««' Ni 11 -' 
DMA ineliifUrt in Ihfe flWR televjnM iJuiult^ ia indeed '"HJ-^ 

i KiAfnTm m^AQCAAC) were u iod U> umpli^ n« WU-np PCR ■ ^n.™ 
fr^n75^MVKAt4 ^nnrnk: UNA, AA.ji"»d *f H ' ml 

EwRV MUriviioA ciizvcnw ^nfppt nrhrruUc vl«; undcrl.*^ pet*'^ «t 

inmm Ml (OIAOP^ VAiK* QJif.) f >md dnncd tnm rt« *Whdlll.»ml 
MGltaiM site ot pl^miri PMPK425, wliJuh (M»in li« «W W 
UaMnm'iHtt sp. BP«- J a« rt » mCTlOOBn n»bl*iu« Jcttrmnwi (32). 11*^ 
TcsuliiiiB wttpmid b n(M»d » l> ^ pCBII'l. 

U.j nnimid uCttiPS, IMwmiJ r CBlP3 [AMP t**l*) mma au ln*fi»"n: 
MriW otttuP/riiiWiarMn w al..^ NRt'-l ^b^/"^:^^ 

ond ».vi» 3' fi!«r *a*4Hw«HlV cr^COACaACTAACCTpVE.CC 
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C0BT Cba C*A 



CblP 

QTtfhlM 



B 



I , PC0P7 i 

H- .1 



I r 



1 



^ — i — i 



Wed 



Nooi HtnMtt 



pVNG 1578-3 [— | } 



cfoning purpos« an?. Uhelcd briuw brackets. 



Ttw fHJpwnr ww nil *lth .TOlWi JOI i«*trictbo *uyra«, g«l p"nfw<, <"» 
Cloned iuro tha^l/WiiidUl r*« rtriinnilK Gfptoweid hCDTTI to ociW ipbffliml 
nCS!P2. T1.C litter ttnwined an ii-fnuw (t#W«n (If CWT (TIN r^kuod 

w mn whn u fr4,y //Mill Trtt**<on ri», thus dei'tinc .<.* Of CftC 3U 
.*Euo ndft. HBtnitl pnRTPi ^ nwr»**k "tirtanw M*™»>™l 

til, rtemU „CUIT4.Th* S' prtewr cba^wnrWr^RLl flCTAOAGAAjj; 
i * mi n IXiACGTTCOTO/iCCCAG) *pd mwiw I^^™^" 3 '^ 

TAG* **** usad w ampli^ » l./w-np PGR pruhM Gum 
prama: DNA. Tbc fn*ni«>t * 1<mel) inm P'"'-"' 1 wWl ll * P| »'"W 
pU fcM-T rlnnlnu Xh <M,*Hwfl, Win.) (0 yioW <h* ptemitl p< HI 



CCAACTCTCGTlXW'A'I'AtAO Bltd PSWTM piium (WTCpnirJtoRIJ' (t<AA 
TlCCAATTJCOODCTACOTCACt'Airi'l i:i"0 Were W«l in miiuU(y a 
?CR 'imnlua liivi .it»'n Mf^lM Binomic DMA. IHr. In^rttim Witt (W «iUj 
^IffinKi r ^nlrr^n enrjauc*. i«1 pmifi^. <"»d «Ulrt-d Into X/wMftmftl 
re^rictifln cil* ul plumid pCWFl in yickl p]*siftiJ pCWPS. 

W) Ph»(iiM pCWW-Tha 2ft(i-tJpAtwl/£frtJIT and 1,721-bp£u>RWLl W|« 
aunu n-WD pIbihUI |iC0rP6 ««mhI ;<l * single i^-Hp rrnpituiC mil- 
i^l/wyil rrarrfcliOrt citfyiPft wl MurJ&ui ( and danad intn ffle .XBaUW"! 
atnetion tit* fit plnnnW plJPK424 (21). whlf* w» y.*pwcxi Tn)« l>» ^ 
luvliM strain C 163 [Now Engl and HirHnhs, MfUldlWlQr, M#»>1 I* Jdfl 
Ulasmlrt PHITPT (miuJ* fitiT^K Pl«mi*» pCfi)P7 raniaidol t^^. t.<*ft9-Up fr»S- 
ment EknUd Dy a Irt^nw ilml mioli oil w refc^inBtion nl llaktlw*- 
t m«i u. itfttin WRC I ktiM lorn. T!lt irmtlring pbiuiiiO onicd o ^1 J- Jjio wpy 
of ih? cft/P wis, iticludtDs 107 bdMiS' .^aw puiaiivr ««i mcJ"" iud Jfl 1»m 
uptfimn at tltt pyrairvt: upeiwi. ^ iii«Me ««B liqaeoDB. pam n* 1 ihB 
vViujli^c and vnjiYMfi npcn Teudlni [»«»• ( QIir »> wA! •?» duflwd ; 
ihciwEMAnlsoam'^an in-frame lnsmn marruscd WPliiu uwJ 15 3 ™J 

' uf Vuii 1572C t» 151 < of M v °fi l57df ' *" h Md 0,5 t(rcudoU v 
tbe inrrr^lnred EcoRI (Fift. 2D). Irtdudrng th.tc iequ«»« *«Uri pttumtt 
ih« i»fittlltll*n ot ««P Wi bK mm tvnuu Wud^g S^*- ™nkin^ 

the 3" end wo* o 16-bp whence drrtw«i rnira Jb: £w ii»(i«iptiM "rmiiiaWr 
Kuucuci: fH) ensure [v*n*tnitiDa «T (Ae rt*!/* »BNA t ninwript. 

ivW PlawnW pVNOiS'H-t. The 5' pnn«r VrfclSTtiwroiS (rrATOfiCCiJ 
£Kjt» 't :ii iCTACQCCCKlAaaTOC} und 3* Nwr» priaittr Vntj^^^lltn- 

(AAcarrAAxxaiAt i rrar.AACAGCXiocrrCi'cc,) wv b^Kiy 



M»|ff/Aidm r^ricrvio, »l» ^ (^mW r MHKA2fl which <u..b«.» ^ 

minaitt {72). JUr f#« ™W l*«iuiJ b r«^«J '« » Py n B [S7a "' • 
,<U0 nwmW pVNCHW»i pVNOU78-S un/J ) ="rivd ;m 

UMiitfniBhiiJ M Mllm-9. n« 3' lV(mer Vfi S 157«rtot!i* ^i^^^^™ 
CCCACG IV.'t i At 1 : 1 Oi ACQ iimi ( ereias 3 ' prirow VidSWw u V. rt ■ 
CCOCATCfiOCTCCACUtf 1 * ' l*XiACG) «V"= ui«i » anipliF/ «"* 811 ^P 
m,j y . KUl fiArn MPK41 1 Ke»mi« DNA. 1^ «"J^«™ ™» 
rc^rtrlnn rn-jyina. id yuiin^l. onJ *>a*J jnllk the Jfh»l/W«l mtfnWun Mir uf 
P k.»nid pVNUU/V.1 W nnuf. plmiiHJ The l^t com«i»* m 

fLUTtnlUI. ? lic. a,u a J^iinft 2*5 ?« J f nuw) **** 

"™uf PWfcuM pWCLron, Tl« plmmirt pVnijlSJW f(*/6 J ' " 
wUrt-iynr JiLJulc wr LtiB 1hbl*ctertim up, ^»ici NRCM rfl.H e «nt UIU] vrdS tim- 
EtniMua st miltxw Tlw. .V pii.ua wbiPCDnip^tlS" (OAA^I^Mid 1 1 .A 
CCCACCCIATI CAAU"! tt: i ttw. tvvz\*c vt IiihV tfNX^rtpitflw (c5 AAT 
It AOATXrCAAAACCCOCGCXJ^uri lurj iOATinrtACOCCl'aiCACI 
.^1 U amPlliV » lJ9Wn. PCR pi#4« ^ cmoi JfcW (a ilerhwiw uf 
MPKAU) Hiin :m u^judc dctcdwi ui VimtSW. dvto^ "«»S HW to «« D I 
C^lMtB Kvm^nu. I*wfnry rrtfcdiOn) BCnomh: DNA- The ftwpiwnt u* u.* 
will. AW/*/ll w^rtion •n I5 w«s Qel purtWrn. ;«i dmcd taw Hk » «; 
nricdm nri^mklMMTK^ PI) (pwpartd ftwn UiP awtiinl : alntia i OMSUU 

(mw,7 1 d«tf ' J. The Iduw epnttsu Oil* etowrt frastuail farmed W fl s^ut-nw CNr 
WflUkf alUwTcrouAilirfifln H dw««J In-uKir Hakbrnlfttim tfra... NftC- 1 .The 
remlihtt plianid ClinlCd 0 ^iW-ln» «W =>f i*>* ' M,l,flin ? * 7 ^ 

upetruiM Of Ihe puUtUW ^rt nilon and MOlxw* .q*i«am of (hfiputaliw tipcnin. 
Tu iftdud* thrtC «pimfl0«, psirtnlORr 1 Vngl.^7C mi Ufe>» elintt^ hot it ramol 

,n to.mi.ni- detoliun *i»i»IS 35 60 ^"f l3Z) * lnV,, ' i a,5lK r 

U^ts (em^ff »T,n.*d pracifc l)w rc»il B rin.» of MB « w«i oprmn i williiuT 
induJina .Hkw cana. FbnldiK -V Bid «» « 1<*P ■«!«»*» d-ri^O f. nn ilv: 
Lup UaioM-iptior. terWiaulof u»q.ience (!>J W cnnim iraicn vui^ icmwnrt«« .J 

lUc£W5 mRHAUjuwiiiK. 

£ puumU pCmffc Tiic (.l^mid pCBlCJ CDDtawvd * w.ia*y,*- rt rk: 

of £ cW' unrtfr tne awtrol Of ibv ^ yitfiiottcr and ntxteKim* b»iniw>rt 

site am) wb «mi!lrtt«itd a* EolluWt inn frapncni «unud uit plumid pCHl W 
(Etftta-rtB-Semprertu, lubgratuty L*oH«1ir>n) inrtiideU Wily the i ran/wr* < W 
ORF nn<( ws wiiwd " a t.rtO-np {raumnlf with nn W/»i;.rn»l <HttCM, it" 
purilicd, sod dwtrrt him ihL Mfcltfn'f wrtrirtiOft or pl"M to piiMUiiM 
plaamid pCBIP9(ebri <4 )- 
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OLXJC AG) and U. rtWK vflff-r ^^^'^^^1°^ 
S ■! mi> iTwJ, *»d«k*«i into «lK«*U*n *hc «T |rt7-T Ip«*J«- 



tltota oT M- mam «.* filial <° *F undOT H« ErtUOl Iff d* ** 

ss^^r^ « ^ — ~ 

mid clonal into the /Ufelfllfl TBSmU".. «t= of pta^mid P IT- / *> 

pCBlPl « di*ih«l prevfau^h (15). n«*itt«qw*e« of 7(1(n,ahW ,jn 
d3 ck tide ftf tfai. d:U!ted r*x »' gttifi enured eNdi* iceomhii 




detcnted 

cr^rm d* hrfiUflio dc^ion ctf ihc cm* b iriM-mo—mcs off 

JE flTiC0«l^c*i«- m . P,-U-i**i". An to *«. ^ 

muiiiut.cd »Wc Strtin J1W70I ™ ™'J '' tr -" n 

P VNCt57«-i DNA UMd U - ^ <tK 

pitted m lirn unt) locus- IV. i*iT winpfawniaiion .tiidiH. a «fl t |.iy|ic uf 




ISO 300 0 

Time (h) 



^ A • min-mx aiictc lift** — p»«« j « th - r^ m * ^ 

iaH m.i iw*rt ujal^nirrt una wqiicndr* v«.bJ Ac 

Suiionale usnl in probt Into corrluold nlvanidg In //fl/a/m- 
/m J «m. Hectiuse tlw growth Of Halobactertum In ifefinod mc- 
.liiim requires cdbwnides, the growth nf a corrinoid-dcbcienc 
mwtnnl m mciiium supplcnumtod ^ith incomplete 
precursors would be iudiwtivc of prttcursior ealvaginy. ^ i likiGk 
con in l ing biosynthesis in Mtobncnrlum, in-fraiii* deletions 
were introduced in the seennd-io-Ur step of ii\ tho law ctcp of 
corrir ring bi^thcsK In & cnlCAU-tf, tlw»c fll^ps of che path- 
way lire cuta1 y «u1 hy the AdoCby cynthaw (OilF) p-mymB aiid 
the AUoCbi-P 4ynthEiti«) (CbiB) ensymc, rf^^mJy (3S). « 
vofi hypotne^xea that a hluck ui chher one oi thfiw weps 
would rend<?r a strain dependent OH wniuious Cby nr Un 
prerursrmi. line uiutation m would bkjuk- ^Iva^nfi of 
£,hyrinic actd Ar-diainidc but should mil interfere with Coy or 



nr, \ Hulriri«n«3 ^»>» °r Mal<^J«rton ay. strain NRC I 
cob^mi^-^end^t growth 
KllCl stnuiii in the denial l.qvMd rtediwji at 37 « jpontfl « 
d»Hirincc ^ fiSG nmiiBa fusion «r il.nc. The ttroins a» nd^ J 
^!lr SwW-. Th ? c^rin^ added io tb-^uim ^ 

cobiiiMiwltt dlcyanid*; Cbi-CDF* cobinamidc-nOP i^wndft. m 
cosvu mrrimiidi writ; used at conccntri'tmnB of IW pM- 



Chi ^ A ami - in rt» would ^« 

of wtar Vpiibu of entry ot Cbi Ik In the Mnbaetentvi 
^,..n, e f^ucuec. That ib. if a cbiB miiuuiwi dow not proven 

far the activation of H)i to Cbi-P Ithc substniie of the U JiY 
« nzy me). AlienmrhMly, the inability of a rftfH Tnui : ..n io sjl- 
vagK H»i would august me science oT u ..r.* pathway for mo 
M-iivatiim of Cbi in Uub arChWOT. u , . ^ 

IdcnltticQhon af lh* c*/P ».l cAU) emcg ol ^^"^ " 
ORH VnaL576G (p-.Ttt3 idciitificarion Ifiil oumber L57n0^) nt 
me Hahbm^hun w> atroin NRC- 1 flenamc wiiwiius (17) wa* 
lri KT i[in«J n& the putative gene of tbk arenacon bosud on 
the 40% identiry and 53% ^milmity of the predicted gene 
nrocluct to the CbiF prn, ( :ni MS. Mtoica. in the 
aenom^ rhr rhiF (ORF Vn K 157bO) E enc s b *t the 3 

nf a putattvo oporon contauiing r»RF Vi^l574G and UKl< 
VM15730, which oncode the ^native orthologfl ot the uaen.*- 
rial ATF:co<l)itlnnM KiknUijyltransfera^ (Cob A , In A ^n- 
untl lh« i Jihyrinie wid dlamide iydthw (HtiA uU- 
MMriro). icspectivcry (** *A)- Th«c Iw., pioLcins I uro bo 
lioved to modify the corrliioid iumicdiErteiy pruccomg the 
CWP-catalyzQd sicp (38). 

ORF VM137BH (si iiiimbw ot [ho H^foimr-^.^ 

ecnumB »-.iiiieiicfi wtw» identity as the purntivis cUBgmi ot 
ThLs «i«liaeon bBscd on the i0% ideality And «U similarity ol 
the prodictod ft ene product ui lLo CWD of a; Mftwcfl. in die 
Hdotoaerium s .:.irtmc, Iho <fAi5 pone 15 the prnmnterMJuiml 
genr in a putative operon contHlnlng oiw ^l»cr ORE- of un 

known function tHfi. iA). 

IUWF Vngt57«5) * cobafflidc biO«ynth»tlc gent in 
Hnlriuieiium- Tii ik(erminc if strain JE67J* (Art// 1 ) dc- 
n.:ient in cobamid* biosynlhaiis, grnwch wu, tressed id dc 
fined medium where qabaniUiea were «BBeoli9l for growth 

Unlike strain MPK4U (tWP r ).^ n ^ 6738 fR,!r0 ? 
^row in th« ckfined medium lacking eorrinoJds (Fib. 3A). Io 
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d^rminC if te dbuflrt lack of trnwth of JE67* i «» > am£*d 
by the inability to synthesis cobamides de novo^ me^nm 
supplemented wiih Cby (the "^ na ^» T,, ^ r ^ 
fa CbiP-^talyzXKJ reliction). The addltmn uC Cby cCl»r«l 
wiW-typ. prow* of JB6738 (Fig. 1A) but <lid not 
cnhoncT ttie sr**h " f ^-^pc amim (data not 
The doubly Hum rf strain* MFKU4 and Jfi67» miiMdnim 
supply emed wHh Cby were very similar (311 and 27 h, rcjpec 
iiJeU whwas doubling timcsooiiW nuLfac cakulwcd lor the 
drains that displayed wur^iety poor sruwth. iti«e daw 
atronftlysuoge^d that die ^scnceo»^fuft«lQB colored 
wUh the ,..r.dictcd phenotype oi a strain Imfting AduCby syn- 
iliaao activity ufldcr condition* ihat dw-.H.id da novo synthee* 
of cobamides. *«iit ftodins led w the proposal that ORF 
Vngl576<J was ihe wchaBal ortbolog of the CbiP. 

Htitfttoanwni can snlvaRC Cbi. Having a HaMmrwtimi mu- 
i-.^r blocked before the late steps nr apbannde tuouynthcas 
flowed us to twt a ml* archil... «lva«c Cbi. In bacteria, 
AdoCbi is not an rnieniiudiata of Ihe de novo pathway (8, ^ 
m (Fiu 1) «iid it b <ilao ruM predicted to De an inlmiiodiate 
in b**d on tho presence or CUB The salva^B of 

CbL therefore, would require atMUkmal enzymcaor runotione. 
The addition of Cbi m ilia medium allowed wild-type growth 
(i e 24-h rtnuhliiiB tint) of strain (acMP) (Fk w 

but <li.l not Hgrtificaaiiy enhance the growth »r U.e wild-^pc 
aUftin (data not shown). The ability of tlatobacrcnun to sal- 
vage CJbi sufflcfiied rbr ntisLenee of an enzyme that can convert 
Cbi to a true ir.iu. mediate of the de novo pathway. A miiralitm 
in the CbiB cniymc would bled The pathway «1 <* paint tM 
would allow he to ascertain whether the entry point lor On 
salvaging in archacu uwutred via AdoCbi. P (ok in bacteria) or 
\naa new mi*.hibiilie i'OUtO. 

cbiB (ORF Vncl578H) Is a cobarnide blosyntheiic rwic m 
HMwtcrium, UrtJiKe sixain *Min JE679I 

cannot grew io the defined medium laekm& corrinoids (Fig. 
3B) To test If the luil of growth was due to the inability in 
symhesiiw uibamidc* CW-tflW (a Pathway inLer.rn.1i/ite 
ilnwftAtieam of the CbiH-catatyred reaction) (r% \) wa« added 
to the medium- Cbi-GDP rcstorr-d l he growth of strain JEOTU 
(2U-h doubling rime) (Fig. 3B) but did not significantly en- 
hance B n.wtr. of the wild-type rtrain MPK4U (riatii uuL 
xIluwjO- The Addition of Cby (a ptbway jinrimcriintc pnOf to 
the CbiB catalyzed reliction) . Nwevuv. failed to restore ajosvth 
<rf Strain JE6791 (Fiy. ^R). These reswlts were consistent with 
a bloc* In the^iJlhc^of AdoCbiHand led usTOpmpuw. iliat 
ORF Vn5l578H in HtttolMCterium crieodes rhL iiiebacal or- 
tbclo& of X cntcnai CWB enzyme. 

Cbi» adivity U required ftir CW saJvaeJnK, As mcmootwd 
above, strain J£oT1fl (bcbiT) can solvate howevw, the. 
nriditiun uf Cbi to the medium did pot restore (he K iowth oE 
strain JBn791 (AeW^) (Fig. 3B). These rcsuta contirmed that 
in hak>bactcrlum CW muni enter the do novo pathway at an 
emry mini jiriui 10 tlK CbiD-CAtalyzcd step. This nnding w *\* - 
innsutent with the obWTvation thu Cbi anil AtluOji die not 
intiJrmedittten of the archatral ilr tmwti piithway. If dicy were* 
strain iBS7^ wnuld be uicdictcd to be Oble to sah'aye CW. 

^.n.ploncntiiiion of MP and mmanrs nf r^uLfc. 
jwm« The observe AdOCby auxuirupW <*f .(^736 (A^/'J 
and the AdoCoi-GDP aummipliy uf JE6791 [Ui»m were 
corrected when ihc cbiP* »m\ chUT alkies were reintroduced 



No Corrinrids 




FIO. 4 



NuuiUonnl -ttudfcs V ri'. rrrfP mutunb. aibjmiclu- 




Sium at ^Htieu. - ....iaoid »4flwt 

iilrairrt 'u«d were TR65«3 ^£ eW^* and JEJ mrrfi ^ ^ 
Set used «*rft p-n-7. w-tfi»*or.ly eAdtrel; f^»*W, ^ 
cWP*: and pMiaCBIi'l, *^ "W^ eWf J . 



into the appropriate strain*. Strain .1^001 
and strain jEtittO (r/.i7f + m a 3: :c fry5 + > stew m me defin«i 
medium wlrhniii m tyuinoid supploment^rion (Fin. 3) *.tli .i 
doubling i in* of 26 and 34 h, respectively. Th* gmwUuaie o 
iliew iti'ftira W1I9 flimilar to the races o/Mmms .lEfi738 (Ac/vV ) 
and JE67 U 1 {tetiff) growlne tm medium aupplcmonled with 
U«5 coituci corrinuid M T1 >lemcnts. These rORulK shaded rhni 
the ekiP* or cWfi 1 Ainctions were neeasary and suirnw-.nr to 
■retire dc novo cobflmide eytithcsis In The mulaiiL stritina. 

Tbt archuoal ebiP awi cftW jjwim cirmplcmcot S, entsnca 
MP and cbiB rruirants. Tu further support the conclusion chat 
The arch »»1 orthologs of eWP end eW# do funciinn «s Adt jQ;y 
and AdoCbi-r synthases in vivo, we tested I he ahihty of or- 
ehacal cbiP «nd cMA orthologs Tn amiploment S. Mttricu cine 
and cbiS mutants. To mve^i&ftte this possibility, the cbiP and 
£:/)ij? flithofogc from Llic arch*eal niethonogen M, \mze\ Ktrum 
Ooel wen; cloned Previous work in the laboratory has >,howii 
thiit Hotoiwcterium fienes do not express wvll ia A en«n^, 
whereas ^en*»lrom archaeal imcihRniiigeub ai* wdl expressed 
(iH>). M. moitii ORP MuiOnW <gi number 2122ftlV>) Showed 
42% Identity uiid 5$% RimibtHty to the FfofohacKrium rinP 
mme, and ORF Mm205V (fn number Miuwcd 2H% 

identity and 45'9Z> (rimilsirhy cu Ihr. tf«'R ficne of HahbacUtmtnK 
For this purpose., A. ffliferieu strains carTYinfi null allele*! of 
metE and eilW ^ or tfA/B were used. 1 Tie mutition in metti 
instedviiua the eobamido indopendent mcthwuine synthaae 
(MctE) enzyme, thus demanding cnrwuude-depcndent mcth 
ylDlion of homocysteine lu yield methionine by the action of 
the MctH enrymt: (35). An insertion in eitbor cbiP or cbiB 
eliminalril ile novo cobamide tvnthesis. 

Fui cbiP complemcntationj the positive wmtrol plasm id 
«CBIP9 (eontaimng a wild-rypp. allele uf 51 tttiericu cbiP* } or 
piaunid pMmCBlPl (M. maui cNF+) was introduced into the 
5 wfltai cbiP muE mutant strain JE388. 

FarcferB oomplamcntatkm, a plawnicl aNUuiuiiw A wild-lyoe 
qIIcIl; of either £ ertivrliv HiiR (the positive control plafimd 
riSeCBDM) nr M. munidM) (plaamid pWmCBrBi) was Iniro- 
iliunl Into tho S. enferka CbiB mdB muiam wniin JEfiJOO. 
Roiiidu4l cxpreccion ofttie cbtP or rh'H pznai in the abr.cnoe ot 
tho i t kna po1ymiir»\c auWcd w to asse^ compiemema. 
ilon, in Uul. i:»m». plaAmid pT7 7 wai uced aw a veanr-nnly 
nrg^iive uiiltiol. 
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FIG. 5. Nutrition:)] rtutJips uf S. €ntmca cfa/i mutant*. Oitramiile- 
dcpcndcni growth of £ emeries strains grown ac«bicnl]y in defined 
liquid mcJiuju at 37°C i> itpjrl<Ml a-> nl^ibojiw at ijjp nut m> a 
flmcrtnn of rtmr. Thf. v ruins art* Irv1irflip.fi hy ihAfr gLtnniyr*.s Tr«* 
ciMrinokbi idded in iht medium tire indicated next in die genotypes. 
The sno ins u«d wrc TH6SU3 mclB cbiP* ond JE6368 «c/£ The 
plutukts used vrtMA uT7-7, vccloi cunhoL pScCBHR £. LmcnUt 
rMfl*; ami pMrnr.nTRI. /W TOfl7W rfiW+ Ahbrn^dnnv Cty, ootyrlr: 
acid dicyanidc; Cbi, cotxnarniOc dtcyanklc. In aJJ cases, cornnoutG wore 
used at concentrations of IS fiM. 



T<» lem dWP uwipleuiujjicUiun, 5. vntrrini mm grown anacr- 
obiCiiLly, when* ihe tells can synthesize unburn ide» dc novo. 
Complementation of eobumide biosynthesis was observed 
when cither £ cntcrica or M hi jot' cWP was provided in trains 
to JE5&3 but not with the control vector (Fig. 4A), Growth wins 
umilur tor till atratnR wben (CNJ^Cbv was added (Fig. 4B), 
incsc rcniUs were conRuscnt with (ho arehaeal CbiP atizymo 
having AdoCby synrJba£e activity in vivo. 

rttfi complementation was tested under aerobic conditions, 
whc-ir. $. crMcricn run si btdviigtf cubamidc precursors. In this 



cuss Cby was added to the medium, Cby salvaging requires a 
t'urtctkirui] CbiB synthase enzyme (Fig. 1); hence, growth on 
this, iiitfii mediate would indicate restniAtion of trie de now 
pathway of cbiD mutant strain JE636S. Cornplcmcmation of 

(Jhy Ralvafyn^ was observed when cither 5. enierico cbiB 

(p5eCBIB4) or Af, muwf ciNfl (pMmCBlQl) was provided in 
(M/fK hut nut when Ihe cwiiml vculor whs priivulei! (Fig. 1). 
These dnCa JuppCrt thD conclusion that the archacal Cbii3 
enzyme htw AdoCbi-P jr/nthosc activity in vivo. 

DISCUSSION 

The contributions of this work are twofold. First, the tune 
rlnn« (F-ncoderl by two piiTarhg ORF« tn rwn ;irchfl*<» arc *np- 
pnrted hy in vivo evidence. .Second, evidence fn the etrutence 
of the pathway for salvaging the cobamide precursor Cbi in 
archaaa has baan obtainad. J'h« latter patnway it distinct trom 
the one uHcd by bacteria. 

IKudhcFntraJ mitts nf hni Hirharal genes In mhamlrte hlo- 
SjDtfatdis. The results of th£ nutritional anaiy&i* of mutants of 
the extremely huluphilic archacun Halobactcrium sp. strain 
NRC-l showed that ORPs Vi%l57u'0 and VnRli78rl were 
nt'erasury Tor de novo cobaniidt; biusymhcvls and thm ORF 
Vjigl578H wtu jiuu;»aiy fui ddlvdging uuLviii; uud fiujn lliu 
environmdnT. The conclusions; drawn from tfaeuo onufyuc^ were 
fully supported by complementation unaiy&cs Of bona fide S. 
mifxirti murnntK 1 .irking r.irhrr CbiP txt Q>\T\ arrivitirs hy M 
mazci strain Gocl genes. On the basts nf this work, we prnpene 
thfit HqiotoctcriiM ORF Vngl57tiH h© annotated as encoding 
the AdoGbi-P ayniliase enzyme And thai (he putative iinnoLu- 
liun of Vngl576G aa encoding thL* AdoCby synthase enzyme Ls 
COiiea. ORF VU&L378H iliuuld be jeuained dscbtB u> rcJlccl 
its irrvoh/cmcnt in oobumidc biosynthesis in archacn. This no- 
menduture should be extended to the UHhs MmlXJ'X-t (cbiH) 
and Mm'2i)S9 (ct*B) of Kf. twxti strain Goel. 

Tn ill is sludy, wrriiiuid iiHermediute^ hyvr been iissumcd tu 
be aderiasyiated in vivo, Although this faa has been estab- 
lished in bacteria (12), ir is unknown if the corruioids are 
tvdenosylatud in urcha&L Beciuw archaoa pcuxcxK a putative 



Artn PPP^ ATP 



coblnamide 
salvaging 



de novo 
synthnsis 




Ado n-»»0Hnd NMP 
CdbS 



OOmulute 
eobamids 



hiu. *. A n**' mod«l let th6 Idto uiopu nf eobomiclc tiio^yntiKsiy in fVfoltOM. Intcnticdiatm on; boxed unci uidicMw) b<i\wf tfrutturva. Ths 
adtrtoiylfltion ;if nrc*»aw) intermediates ts putative. Die puUlirc aitdbcttl -.n LltviJuy* v( lit? LruuUiial Cub A muJ OuuS (16) proteins art iniIiLiiurd. 
A^l/iv*iaLiwii»; AT-f^ iiiuiiiuyropaou] phutiphdln; AF, onilnijpropantH; AdnCbf. artennfiylmnyrlrilr: ma /i^>i1{amiri^: Artnrhy. ^:ntK^\m\^nr 
arid: Arfnfttf. RrtRnrwylrnhlittiniflj 3 .; rnhfl, pormuimin p%K) syntnas;*: ConY, N tf:Ailo/aii.P nuetwiidyitrftiwrfimTi. 
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T2n0. WOODSON ET AU 

ortholng »if CobA and archoeal gents can comment & *i- 
urica ccb muiimts, it is assumed that the cotrmcid substrates 
for the orchaeal enzyme* arc ^irieiwisylatcdl 

ThB arcbaeal pathway tor Mhngid x Uri is dilbr*nt ft™ 
bacterial prtibwuy. Ttic rcqiiirenieni for CblB ensyimt activity 
Hit ihe saJvagin^ of Lbi by Hektocurium key to the proposal 
that the archattl pathway feir salvaging thfr precursor usdtf 
tesrertf from the on-? ilutt operates in bacteria (tifr 1 ™ ' ri 
boecerln OuB is. not required for Cbi ttrvagmg teamse the 
NTP:AdnCbi kinase activity of CobU d freely uiiivem AdoCbi 
io AdoCbl-P, mo product of the ™n enzyme (Fig. 1). Tte 
binaw activity ol OoW J effeuively bypasses the need for CUB. 
THe light Wim* in Cbi snlvaging observed in Mfatoaertum 
rhm Militants AtrontfY sugg*" that ihe prim irf entry of Chi 
Mtvurine >n thfe archswon is Adi>n>y, wlueh can then be con- 
vcrtedby the action u£ Ct.iB to AdoCbi-P. ti» swbetraie for me. 
next eizymr. of the udidcoL pathwny, i *^ CobY (Flu- o) h ■* 
unlit Kly ittAt the point of entry ib prior to AiuiO*. bcwii* 
HutobKtcriuin cbW mutants can readily salvage Cbi. wo pro- 
pose that, in arenas, Ar1irflji h Uic substrate tor ™ uniden- 
tified aruldohydn.i|Hv. ftiuymc that cleaves ott the (*>l-iinrfm> 
2-pron3mil iiKiiclyof A4»»i to yield AdoCby, the. vul*i.-»tc of 
OiH (Fig. €). Wc favor ihi£ hypOlae*k nn litis basis of prclim- 
jiwry date o&iaineJ In our ltibuiHinry, which show that tliK 
AdoUu amidofiydrnlasc activity is present m cell artrncts of t\ 
coli overexerting a anfijc gene ttf Af. mazei <J. n WikuImjii 
an J I C. ISscalante-Scmereaa, unpublished iwmiIib). The re- 
quirement Of an adfiiwsylHteCl substrate is speculative, and it ws 
possible that the corrin ring \a adeoosyltfed attor entering ih^ 
dc novo pathway. The identification of the gene enwdnfc the 
uii.itV.taydrOta: activity and the isolation and chaitiCterizatiOn 
of this new eotamiide blosynthelic enzyme will be reported 
elsewhere. 
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